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ABSTRACT 

Due to the increasing concerns on global warming and depletion of fossil fuels, sustainable 

chemistry and engineering has been a research focus in the 21st century. Tremendous efforts have 

been devoted to designing inherently safe chemicals and processes with minimal waste emission 

and energy consumption. Among the many ongoing technologies, conducting chemistry in liquid 

biphasic systems is a promising approach and has found many successful applications in organic 

synthesis, biocatalysis, biomass pretreatment, etc. The development of green solvents, such as 

ionic liquids, further extends the scope of liquid biphasic systems for investigation of sustainable 

chemistry. While liquid biphasic systems feature many advantages, reactions in those systems 

usually suffer from mass transfer limitation. To facilitate mass transfer across the interfacial 

boundary, conventional methods, such as vigorous mechanical agitation or organic additions 

(e.g., phase transfer catalysts, or surfactants) are being extensively used. These methods, 

however, require significant energy input, increase the complexity of the reaction systems, and 

add to environmental concerns. To address this challenge, an intensification method achieved by 

application of external electric fields is proposed in this thesis. The electrostatic intensification in 

reaction performance in a liquid biphasic system was studied in two aspects: 1) controlling the 

migration of reactive species in a batch system, 2) increasing interfacial areas and reaction rates 

by application of an electrospray in a continuous system. This approach is easy to apply with 

relatively low energy consumption, thus showing great potential for a wide range of applications. 

Chapter I is an introduction of the research background. It discussed the importance and 

challenges of liquid biphasic systems in the development of sustainable chemistry and 

engineering. Three typical applications of liquid biphasic reaction systems, phase transfer 

catalysis, aqueous biphasic systems, and biomass processing, were discussed in terms of their 
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abilities to achieve sustainability in chemistry and engineering. Recent advances in 

intensification methods in liquid biphasic systems were discussed with continuous flow 

processes, including microfluidic systems, and application of external electric fields as 

representatives. Afterwards, the model reaction system was discussed, followed by the proposals 

of research motivations and goals. 

In Chapter II, the roles of external electric fields in the batch reaction system were examined. 

It was demonstrated that water participated in the transfer hydrogenation of acetophenone when 

aqueous sodium formate was employed as hydrogen source. The external electric field was found 

to act as promoter or inhibitor for the phase transfer hydrogenation depending on the orientation 

of the electric field, which suggests the great potential of external electric fields in controlling 

reaction rates. 

In Chapter III, the ability of external electric fields to control reaction rates was further 

explored. It was found that the reaction performance was not linearly dependent on the applied 

voltages when the reaction time increased. The application of a negative voltage may result in 

the decomposition of the catalyst, which led to the decreased product enantioselectivity. It was 

also demonstrated that the reaction could be externally controlled by simply switching the 

applied electric potential over the course of the reaction. 

In Chapter IV, a continuous reaction system based on electrospray was established to further 

intensify mass transfer and reaction rates. Unlike the observations in Chapter II and III, the 

orientation of external electric fields was found to show no effects on the reaction performance. 

The induced electric current in the reaction system due to the increased conductivity of the 

continuous phase was proposed correlated to the improved conversion and yields. In this 
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electrospray system, 71% conversion could be achieved in 1 h with a 13-fold increase in 

throughput compared to that in the batch system studied in Chapter II and III. 

In Chapter V, the importance of this work in understanding the roles of external electric 

fields in organic synthesis and catalysis was summarized. Further research directions and some 

new ideas were also proposed as complement to this thesis. 
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Chapter I: Process Intensification in Liquid Biphasic Reaction 

Systems: Challenges and Opportunities 

Liquid-liquid processes are essential and crucial in process engineering and have found wide 

industrial applications.1 A typical liquid biphasic system involves two immiscible liquid phases 

and has served as an extraction technique for separation and purification in various industries,2,3 

including petrochemical, pharmaceutical, food and metal industries. On the other hand, liquid 

biphasic systems have been employed as novel reaction systems for pursuing sustainable 

chemistry and engineering due to the increasing concerns in energy consumption and 

environmental impacts.4  

1.1 Applications of liquid biphasic reaction systems  

Solvents play an important role in chemical reactions for their abilities to facilitate mixing, to 

stabilize reactive intermediates and to influence reaction reactivity and rates.5,6 While the 

appropriate selection of solvents can greatly facilitate reaction efficiency, many of the current 

commercial chemical processes, especially for production of pharmaceuticals, involve large 

excess of organic solvents that are volatile, toxic, or flammable, which consumes significant 

amount of energy for recycling and poses negative environmental impacts. With the 

development of green chemistry, tremendous efforts are being devoted to developing sustainable 

alternative pathways and processes for chemical synthesis that consume less energy, operate 

under mild reaction conditions, use benign solvents, and incorporate inherently safe design.7,8 

Liquid-liquid biphasic reaction systems may provide a promising solution to address this 

challenge. Due to the advantages of being cheap, abundant, safe, and environmentally friendly, 

water is widely used to generate liquid biphasic reaction systems with other liquids, which 
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significantly reduces the usage of organic solvents and features feasible separation of products 

and catalysts. Water based liquid phasic systems have been widely employed in organic 

synthesis, biocatalysis, biomass processing, among others. Furthermore, the development of 

green solvents, such as ionic liquids, offers more possibilities for the constitution of liquid 

biphasic systems.9,10 In this thesis, phase transfer catalysis for organic synthesis, aqueous 

biphasic systems for integration of biocatalysis and bioseparation, and aqueous-organic biphasic 

systems for biomass processing will be discussed as representatives to show the importance of 

liquid biphasic reaction systems in the developments of sustainable chemistry and engineering. 

1.1.1 Phase transfer catalysis  

Phase transfer catalysis (PTC) is one of the examples of applying liquid biphasic system as a 

green methodology for organic synthesis.11 PTC was introduced in 1965-1971 by Makosza,12 

Brandstrom, and Starks.13 Since then, it has been recognized as a powerful methodology in 

organic synthesis for achieving high reactivity and selectivity with operational simplicity, low 

energy consumption, mild reaction conditions, and environmentally benign reaction 

systems.11,12,14,15 In 1989, O’Donnell et al. reported the pioneering study of highly 

enantioselective alkylation promoted by chiral phase transfer catalysts,16 which leads to the 

enormous development of PTC as a powerful and practical method for the pursuit of green 

chemistry in asymmetric transformations,17,18 which is important for the pharmaceutical industry.  

A typical PTC system consists of an aqueous phase being a reservoir of reaction anions or 

base for generation of organic anions and an organic phase in which organic reactants and 

catalysts are located,12 as shown in Figure 1.1. The reacting anions (Y-) are continuously 

transferred into the organic phase by a phase transfer catalyst (Q+X-), normally onium salts or 

complexing agents, in the form of lipophilic ion pairs (Q+Y-) produced according to the ion 



3 
 

exchange equilibrium, followed by a rapid reaction with the organic substrate (R-X) in organic 

phase with releasing the catalyst cation (Q+).  

 

Figure 1.1 Representative system and mechanism of a PTC reaction with aqueous anions.15 

In an asymmetric PTC system, the reactions generally follow an interfacial mechanism, in 

which the organic substrate undergoes deprotonation at the interface by reacting with a base 

located in the aqueous phase.17 Subsequent ion-exchange of the formed reactant anions with the 

chiral catalyst leads to the generation of a lipophilic chiral intermediate which reacts further with 

the other substrate in organic phase to form product compounds. Ideal chiral catalysts will result 

in the fast ion-exchange with the reactant anions meanwhile shield one of the two enantiotopic 

faces of the anions, therefore achieving a high enantioselectivity.17 

Over the past three decades, notable achievements have been made in asymmetric phase 

transfer catalysis. Recent advances of PTC have been focused on the rational design of new 

chiral phase transfer catalysts toward understanding the relationship between the structure of the 

catalyst and their stereocontrolling abilities for asymmetric synthesis.19 So far, asymmetric PTC 

has found a wide variety of successful synthetic applications,17,18,20 such as alkylation, conjugate 

addition, aldol reaction, cyclization, hydroxylation, hydrolysis, oxidation, and many others. For 

instance, cinchona alkaloid or binaphthyl-derived quaternary ammonium salts catalysts have 

been developed for C-C bond formation,21-23 and some of those mentioned reactions have been 

applied to asymmetric synthesis of biologically active compounds.24 Furthermore, 
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pharmaceutical companies have demonstrated the practicability of asymmetric phase transfer 

reactions in the large scale of preparation of drugs.25 

1.1.2 Aqueous biphasic system 

Aqueous biphasic system (ABS), or commonly known as aqueous two-phase system (ATPS) is 

another example of liquid biphasic systems. Aqueous biphasic systems are formed when two 

incompatible aqueous solution are mixed at appropriate concentrations or at a particular 

temperature.26 For instance, when mixing two different aqueous polymer solutions (e.g., 

polyethylene glycol and dextran), an aqueous medium containing two separable phases is 

generated.27 The formation of the two phases results from the steric exclusion of the large 

polymer aggregates formed in the system. Similar phenomenon can be observed in a polymer-

salt based aqueous mixture system.28 The specialty of aqueous biphasic systems is that each of 

the two phases contains large amount of water while still maintaining an interfacial layer,26 

which shows great potential for sustainable chemistry and engineering applications.  

Due to the gentle environment and the capability to acclimatize biomolecules to be 

partitioned to one of the phases by a physicochemical interaction, aqueous biphasic systems have 

been extensively studied for bioseparation and purification.29 Advantages of ABS as a separation 

technique include environment friendly, low cost, rapid and efficient separation, and ease of 

scaling-up.26,27 Further studies of ABS in separation are focused on the development of 

alternative phase-forming components, such as alcohols,30 ionic liquids,31 surfactants,32 etc.  

 As a result of its novelty for feasible separation of biomolecules, ABS has been studied as a 

platform for integrated biocatalysis and separation, particularly in the design of reversible 

mono/biphasic system for sequential reaction and separation. For example, Freire and co-

workers reported a switchable ionic liquids based aqueous biphasic system driven by pH change 
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to achieve simultaneous production and separation of 5-hydroxymethylfurfural from fructose.33 

The dehydration of fructose was promoted by the monophasic mixture of ionic liquid and acid. 

After reaction, a biphasic system was induced by increasing the pH, and the 5-

hydroxymethylfurfural product was selectively recovered in the ionic liquid rich phase. In a 

recent study by Ferreira et al., a thermoreversible aqueous biphasic system composed of 

ammonium-based zwitterions and polymers was studied as an integration process for biocatalytic 

oxidation of 2,2’-azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS) by laccase.34 The 

oxidation reaction took place in an aqueous monophasic mixture composed of zwitterion and 

polyethylene glycol, followed by the phase separation through a temperature change to 

selectively recover the product and catalyst in different phases. 

1.1.3 Biomass processing reaction 

Liquid biphasic reaction systems have also been studied for biomass processing. Due to the 

increasing environmental concerns and demands for clean energy, biomass has been extensively 

studied as an alternative resource for sustainable production of chemicals and fuels.35 One of the 

main challenges with current biorefinery technology is the high production cost. This could be 

overcome by producing valuable coproducts from hemicellulose or lignin, for example furfural, a 

high value-added chemical derived from hemicelluloses.36 However, in a conventional 

biorefinery primarily targeting cellulose conversion, the valorization potential of hemicellulose 

and lignin is often sacrificed and plenty of non-cellulosic wastes are released.37 To address this 

challenge, various liquid biphasic systems have been studied for efficient utilization of 

lignocellulose to achieve sustainability in biorefinery processes.37-39   

Chen and co-workers studied an aqueous choline chloride/methyl isobutyl ketone biphasic 

liquid system for simultaneous lignocellulose fractionation and conversion.37 In their study, the 



6 
 

fractionation of switchgrass biomass took place in the aqueous phase, followed by the acidic 

hydrolysis of hemicellulose into pentose which underwent further dehydration into furfural. 

Furfural was then simultaneously extracted to the methyl isobutyl ketone phase without further 

degradation. Meanwhile, high purity of high-quality lignin was obtained in the aqueous phase 

with digestible cellulose formed as solid residues. This study demonstrated the effectiveness of 

novel liquid biphasic system for integrated reaction and separation to produce value-added 

chemicals in biorefinery. 

Zhang et al. studied a series of organic-aqueous biphasic systems to screen a highly efficient 

system for furfural production from xylose and Eucalyptus.38 Among those studied systems, 

methyl isobutyl ketone and cyclopentyl methyl ether in combination with aqueous NaCl solution 

exhibited the best performance on furfural production from xylose with formic acid as catalyst. 

The methyl isobutyl ketone/NaCl-water biphasic system also showed promising performance on 

furfural production rates and cellulose enrichment from Eucalyptus under relatively mild 

conditions. 

1.1.4 Summary 

Apart from the above-described applications in asymmetric organic synthesis, biocatalysis and 

biomass processing, liquid biphasic reaction systems have also served as a powerful 

tool/technique in many other chemistry and chemical processes, such as hydrogen peroxide 

production,40 gem-dichlorocyclopropanation of alkenes,41 etc. Overall, liquid biphasic reaction 

systems offer a great potential and opportunity for the pursuit of sustainability in chemistry and 

engineering for various industrial applications. 
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1.2 Process intensification in liquid biphasic reaction systems 

While liquid-liquid reaction systems have emerged as an effective methodology for achieving 

sustainable chemistry, these systems are often constrained by insufficient mixing and low mass 

transfer rates due to small interfacial areas. Reactions in liquid biphasic systems can take place 

either at the interface or in one of the bulk phases. For both cases, large interfacial area and 

efficient mixing are essential to promote mass transfer in the bulk phase or across the interface to 

achieve high reaction rates. For those biphasic reactions conducted in conventional batch 

systems, vigorous stirring is often required to achieve sufficient dispersion and interfacial contact 

of the two phases, which consumes huge energy and makes it difficult to operate on a large scale. 

Therefore, new technologies and tools are desired for process intensification in liquid biphasic 

reaction systems to intensify mixing while minimize energy consumption.  

Generally, process intensification can be classified into two areas, novel equipment design 

and new methods (processes) design, as shown in Figure 1.2.42 The aim of process 

intensification is to optimize driving forces through increased mass and heat transfer at all scales 

and thus promote reaction kinetics and achieve higher conversion and selectivity, which in turn 

would reduce energy consumption and reaction wastes.43 In the cases of liquid-liquid processes, 

understanding the fluid mechanics, droplet size, droplet shape behaviors, and coalescence 

phenomena is the key to design novel equipment or methods for process intensification. Details 

of droplet behaviors and recent technologies for intensification in liquid-liquid processes can be 

found in a recent book by Weatherley.44 In this thesis, only selected methodologies and 

techniques, e.g., continuous processes (including microflow systems), and application of electric 

fields, are discussed as representative equipment and methods for their successful applications in 
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liquid biphasic reaction systems for achieving high reaction efficiency while maintaining 

sustainability. 

 

Figure 1. 2 Process intensification and its components.  

1.2.1 Microreactors 

A microreactor is generally defined as a series of interconnecting channels, typically from 10 to 

300 microns in diameter, formed in a planar surface as a miniaturized reaction system.45 In 

microreactors, the reactions can be manipulated by controlling the sequence of reagents 

introduced into the reactor and specifying the reaction time in a controlled condition. Products 

may then be analytically monitored in situ or separated for further reaction or testing.45,46 

Commonly used materials for fabrication of microreactors include silicon, glass, quartz, metals, 

and some polymers.47 Microreactors offer many advantages over conventional scale reactors, 
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such as smaller amount of reagents used and most importantly the significantly increased surface 

areas. Due to the high surface to volume ratio, the heat, mass, and momentum transfer are 

dramatically facilitated, achieving high reaction rates. Meanwhile, it offers an opportunity for 

manipulation of reactions to eliminate side reactions, to increase safety for possible synthesis of 

hazardous materials, and to prevent potential accidents by means of heat removal control.45-47  

On the other hand, microreactors could be employed as modular systems for large scale 

application. For instance, it has been shown that only 1000 micro reactors are required to operate 

continuously to produce 1 kg of material per day.48 This suggested that the costly and time-

consuming process of scaling up from lab to pilot plant to industrial production could be 

potentially by-passed by optimizing the reaction on a single chip and replicating it for 1000 

times. This approach could not only eliminate the problems associated with the scaling up 

procedure, such as unexpected shut down if one unit fails, but also show the potential to maintain 

a high-level control of targeted reactions with much shorter timeframes for setup, testing and 

turnaround during scaling-up.49 

Given the small dimensions, the flow regime of single phase in a microchannel is typically 

laminar, as the viscous forces dominate the inertial forces in the microchannel, resulting in a low 

Reynolds number. However, in a liquid-liquid system, the interfacial forces add complexity to 

the laminar flow, which may result in various flow patterns. The two-phase flow in 

microchannels is dominated by the balance of inertia, viscous, and interfacial tension, which can 

be characterized by dimensionless numbers called Capillary number (Ca) and Weber number 

(We).50  

Ca = μν/σ                                                                       (1-1) 

We = ρu2d/σ                                                                   (1-2) 
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where μ is the viscosity, ν is the velocity, σ is the interfacial tension, ρ is the fluid density, u is 

the fluid velocity, and d is the characteristic channel length. 

The flow pattern formation depends on the flow rate, ratio of the phases, fluid properties, the 

channel geometry, and the construction materials.4,46 In other words, by changing the fluid flow 

rates, using different construction materials, modifying the surface of the microchannel, adding 

surfactants into the fluids, or changing the inlet geometry, one could manipulate the two-phase 

flow in a microchannel.51 Parallel flow and segmented flow, as shown in Figure 1.3,46 are two 

typical flow patterns for a liquid-liquid system in a microchannel.  

 

Figure 1. 3 Flow patterns in liquid-liquid system, (a) parallel flow, (b) segmented flow. 
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Flow behaviors of the two liquid phases are important for determining residence time, 

mixing, and mass/heat transfer, which make impacts on reaction conversion and product yield. In 

a stable parallel flow, mixing occurs via diffusion between the two phases, whereas in a 

segmented flow, internal vortices and recirculation inside the segment are created, which permits 

fast and efficient mixing of reactants52. Recent experiments have shown that segmented flow also 

allows precise matching of microliter amounts of reagents based on coalescence of droplets.53 In 

addition, mass transfer of substance passing through interface is rapid according to several 

experiments.54 

Efforts are also devoted to different designs of microchannels to increase mass transfer areas 

by producing smaller volume of one liquid phase (dispersed phase) in the other liquid phase 

(continuous phase), in other words, the generation of tiny droplets/emulsion in microfluidic 

systems. The resulting flow pattern is known as bubbly flow, in which those tiny droplets can act 

as individual microreactors. General geometries to produce droplets include T-junction, flow 

focusing, co-flowing, membrane, and step emulsification, as shown in Figure 1.4.50 Details in 

the geometries, droplets size and breakup mechanism can be found in a recent review paper by 

Sattari et al.50 Generally, the size of the droplets can be manipulated by the flow rate or inlet 

pressure in those systems. In addition to those passive control methods, external forces, such as 

electric forces, magnetic forces, laser, and ultrasonic fields, are also studied as active methods to 

manipulate the droplets formation.50 The main advantage of active droplet generation methods is 

the capability to control particle size and production rate independently, which is almost 

impossible in passive particle generation methods. While those external forces provide more 

precise control on droplet formation and motion, it may require more sophisticated and 

specialized design of the microsystems, which limits their flexibility and versatility. 
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Figure 1.4 Geometries for production of droplets. a) T-junction, b) flow focusing, c) co-flowing, d) membrane. 

Due to the inherent benefits of rapid reaction, efficient heat and mass transfer, fluidic control, 

and ease of scaling up, microreactors are now being extensively studied and successfully applied 

to liquid-liquid reaction systems for synthetic chemistry to achieve process intensification.50,55 

Peer et al. reported an intensified phase transfer catalysis reaction in a silicon Pyrex 

microreactor.56 In the proposed system, 1-phenylethanol was oxidized by hydrogen peroxide 

with zinc-substituted polyoxotungstate as catalyst and tributylammonium hydrogen sulfate 

(TBAHS) as phase transfer catalyst. Conventional hydrogen peroxide oxidation of 1-

phenelyethanol is performed in batch reactors, in which the reaction rate is limited by the low 

mass and heat transfer due to the low solubility of organic reactants in aqueous phase and the 

small interfacial area. In the microreactor, the segmented flow pattern in the microchannels 

significantly increased the interfacial area and promoted the transfer of active species, which 

resulted in a dramatical reduction in reaction time under the optimized reaction conditions 

compared to that when conventional reactors were used.  

Shang et al. studied a packed bed microreactor for intensification of another phase transfer 

catalysis reaction.57 In that study, the two immiscible liquid reactant streams were pumped into a 
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glass tube reactor packed with small inert glass beads for one step oxidation of cyclohexene by 

hydrogen peroxide with [CH3(C8H12)3N]HSO4 as phase transfer catalyst without additional 

solvent. The generated microchannels between those small beads dramatically increased the 

interfacial area and achieved a better mixing, which prevented the decomposition of hydrogen 

peroxide during the reaction and reduced the reaction time to 20 min compared to 8 h for batch 

reactors. On the other hand, this microreactor system offered a safe operation under high 

temperature (100 °C) which would pose safety issue, e.g., explosion, in batch systems.  

Similar to the H2O2 oxidation reactions, some other phase transfer reactions, such as the 

etherification of benzyl bromide and phenoxide,58 the esterification of sodium benzoate,59 have 

also been improved with microflow reactions. As concluded from the above examples, micro 

reaction systems offer the advantages to employ green reagents (e.g., H2O2), reduce organic 

solvent usage, increase operational safety, reduce reaction time, and easily scale up, which can 

be employed as great approach to pursue sustainability in chemistry and engineering.  

However, microreactors are not perfect. Frequently quoted disadvantages of microreactors 

are high fabrication cost, low throughput, incompatibility with solids and the omission of cost 

reduction by scale up effects which lead to still poor industrial acceptance.46 On the other hand, 

low pulse or pulseless pumps are necessary to ensure stable flow in a microreactor, while pumps 

are one of the most expensive parts of the microreactor apparatus. Due to the small dimensions 

of microchannels, clogging is also one of the biggest problems in microreactors, which could be 

caused by flowing solids or highly viscous liquids. Additionally, when off-line analysis is used, 

it may take a very long time period to gather a sufficient amount of samples for performing the 

analysis. In regard to scale-up, numbering-up of hundreds or thousands of microreactors in 
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parallel or sequence will increase the complexity of the reactor network, and simultaneously 

controlling flows and temperatures in those microreactors is challenging.60 

1.2.2 Other continuous flow processes 

Continuous flow processes, including aforementioned microfluidic systems (microreactors), 

share the same benefits that the microflow systems possess, that are increased interfacial area, 

enhanced mixing and heat transfer, and efficient control of reaction conditions, and thus have 

been studied for intensification of liquid-liquid reactions. Noted that, flow in 

microchannels/microreactors is typically processed in small scales (e.g., microliters per minute 

or hour), and numbering-up of hundreds or thousands of microreactors for commercial-scale 

production is impractical in terms of simultaneously monitoring and controlling of the reactor 

network.60 Therefore, larger continuous flow reactors that retain the mass and heat transfer 

performance are often preferred to produce large amounts of materials. In this section, 

continuous processes that are in different designs than microreactors or operate in relatively large 

scales, e.g., flow rates up to 100 mL/min, will be discussed. 

Corning developed several models of glass fluidic reactors, and their hydraulic diameters 

were in the range of 0.3-4 mm with internal volumes from 0.5 to about 100 mL.61 Corning flow 

reactors offer much higher productivity than microreactors. For instance, a Corning advanced 

flow reactor can be used for chemical processing with intermediate flow rates of 10-200 

mL/min.62 The heart shaped mixing cells and recombination of streams between cells in these 

reactors, as shown in Figure 1.5, force fluids to split and recombine, leading to enhanced mixing 

and improved mass transfer.63 These reactors have been evidenced to yield large interfacial area 

in the range of 1000-10000 m2/m3 with flow rates from 10-80 mL/min, and the mass transfer 

coefficient values are within the range of 1.9-41 s-1.62 Zhang et al. reported a successful 
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application of using a Coring advanced flow reactor for a phase transfer catalysis reaction 

(oxidation of 1-phenylethanol by sodium hypochlorite) with flow rates more than 20 milliliters 

per minute.63 The production rate was increased up to 700 times with higher yields of the desired 

products and shorter residence time compared to that using a spiral microreactor. Similarly, Peer 

et al. successfully scaled up a biphasic catalytic oxidation reaction by up to 650 times using a 

Corning advanced flow reactor without sacrificing conversion and yield.56 

 

Figure 1.5 (a) Schematic view of a Corning advanced flow reactor, (b) flow patterns of hexane/water within a 

Corning advanced flow reactor.62 

Mandrelli et al. reported a continuous reactor column design for the development and scale 

up of a liquid biphasic reaction (double alkylation of benzylamine with 1,5-dibromopentane 

catalyzed by aqueous sodium hydroxide) under super heating conditions.64 This reactor consists 

of 13 stages of stirring chamber, as shown in Figure 1.6, enabling efficient mixing of the 

reaction mixture. Following entering the inlet at the bottom of the column, the reaction mixture 

progressed between each stage through a small opening, allowing the conversion to increase with 

each sequential stage. Phase accumulation and back mixing in the column could be minimized 
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by optimization of flow rate, stirring speed and stage opening size. It was proven that the 

proposed reactor eliminated mass transfer limitation for the studied reaction system and achieved 

a comparable performance to that in a microwave batch reactor, thus showing a superior 

potential for scale-up.  

 

Figure 1.6 a) Schematic drawing of the reactor column, b) design of a single stage. 

Efforts have also been devoted to other reactor designs, such as miniaturized continuous 

stirring tank reactor65, and different process designs, such as continuous reaction with in-line 

separation to make the entire process fully continuous,56 etc. Overall, continuous flow processes 

showed superior ability to eliminate mass transfer limitation for liquid biphasic reaction systems 

than conventional batch reactors and provide a sustainable alternative for organic synthesis 

which is particularly important for pharmaceutical applications. 
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1.2.3 Application of external electric fields (EEFs) 

External electric fields (EEFs) have been studied and applied to liquid-liquid systems for many 

years. The action of electrical fields appears in different forms, ranging from electrically induced 

acceleration of ionic and other charged species through a fluid continuum, e.g., electrophoresis, 

to electrostatic dispersion and coalescence processes involving immiscible and partially miscible 

liquids, e.g., electrospray.66 Advantages of applying electrical energy to liquid-liquid processes 

over conventionally used mechanical energy (stirring) include controllable droplet size, 

increased interfacial area, enhanced mixing, and higher mass/heat transfer rates,67 which result 

from the fundamental interactions between electrostatic forces and liquid-liquid interfaces. In 

addition, the application of electric fields provides a more energy efficient way for process 

intensification than mechanical agitation, as the electrical energy supplied to the system interacts 

selectively with the liquid-liquid interface. Studies have suggested that energy required to create 

a dispersion by electric means can be up to two orders of magnitude less compared to 

mechanically agitated systems per unit volume of the dispersed phase.68 

In the case of electrophoresis, the motion of charged particles in a fluid continuum is 

promoted by an electrostatic force. This phenomenon can be important in liquid-liquid systems 

in which externally applied electric fields may result in the enhanced transport of charged 

species/substrates to the liquid-liquid interface where the chemical reactions take place (e.g., 

phase transfer catalysis reactions). The enhanced diffusion of substrates to the interface could 

further influence reaction kinetics and conversion, which is particularly important for 

equilibrium reactions. 

In the case of electrospray/electrostatic dispersion, there are two primary phenomena that 

need to be fundamentally understood. One is the disruption effect of electrostatic force on the 
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liquid interface, which causes breakup and formation of droplets and is important for droplet size 

control. The other one is the influence of electrical force on droplet behaviors, which is 

important for control of droplet motion and trajectory. To fully understand those phenomena, 

basic knowledge of electrostatics theory (e.g., Coulomb’s law, Gauss’s law, Poisson’s law) and 

electrification of liquids is required, which can be found in detail in a book by Cross.69  

To form droplets in an electrospray system, it usually requires the continuous phase to be of 

low conductivity to prevent charge leakage, while the dispersed phase should be highly 

conductive in order to facilitate charge acquisition from a charged source (usually a nozzle 

connected to an electrical power supply).67 When the dispersed phase flows through the nozzle, it 

acquires surface charge. The charged droplet forms when the dispersed phase emerges from the 

nozzle to contact with the continuous phase. The electrostatic force imposed to the charged 

liquid interface will distort the shape of the interface together with other forces which are 

interfacial tension, gravity, buoyancy, inertial force, and other forces that are applied in the 

opposite or same direction, as shown in Figure 1.7. Noted that the electrostatic force is imposed 

perpendicularly to the interface directing from the conductive phase to the nonconductive 

phase.70 As the charge is distributed on the whole droplet surface, the electrostatic force is 

applied in all directions. When the electric potential/voltage increases, the disruption becomes 

more significant, resulting in elongated meniscus followed with detachment of smaller droplets 

from the liquid filament. Figure 1.8 illustrates the development of a charged droplet formation 

under an external electric field.  By controlling the magnitude of the voltage, the droplet size can 

be manipulated. When the voltage increases to a certain point, droplets in the scale of microns 

are produced, forming electrostatic dispersion, as shown in Figure 1.971. The droplet size has a 

significant impact on interfacial area and mass transfer, and it could further affect drop motion 
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and coalescence phenomenon. Extensive theoretical studies have been done to estimate the 

droplet size mathematically.72,73 Recently, advanced technologies, such as particle dynamics 

analyzer, are being adopted to provide more precise in situ measurements of the droplet size 

distribution.74 

 

Figure 1.7 (a) Possible forces that are imposed on a positively charged liquid entity in a fluid continuum, (b) 

distribution of electrostatic force on a positively charged liquid entity. 

Once the droplet is formed, it will move in the continuous phase under the influence of the 

electric field according to the direction of the field and the polarity of the charge on the droplet. 

The motion of droplets is governed by the sum of the forces (see Figure 1.7) acting on each 

droplet, in which the electrostatic force is the key component. As the electrostatic force is largely 

dependent on the electric field, the analysis of the electric field on space charge migration and 

calculation of electric field strength is crucial for understanding the drop motion. This problem 

was addressed in detail by Weatherley, Petera and co-workers.71,75,76 Drop motion impacts 

residence time, mass transfer coefficients, and volumetric holdup of dispersed phase. In addition, 

the momentum transfer that occurs between moving droplets and the continuous phase could 
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create secondary flows in the continuous phase, which in turn impacts mass transfer and mixing 

phenomena. Drop motion in an electrically dispersed system is more complicated than the 

motion of discrete droplets. In the electrostatic dispersion condition, numerous droplets with 

smaller size are produced continuously. The interactions between droplets could promote 

collision and coalescence which results in the change of drop trajectory. 

 

Figure 1.8 Development of a charged droplet formation under an external electric field. 

 

Figure 1.9 Electrostatic dispersion in a liquid-liquid system.  
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Owing to the above-described formation of small drop size and accelerated drop motion, 

mass transfer in electrostatically intensified liquid-liquid systems is significantly intensified 

through the following mechanism: 1) increased interfacial area, 2) enhanced convection between 

dispersed and continuous phases, 3) induced interfacial disturbance, 4) promoted internal 

circulation within the droplets by oscillation.  

Application of external electric fields has been widely studied as an efficient intensification 

technology in liquid-liquid systems. For example, electric field has been proved to be a useful 

tool for emulsion production.77 It has been shown that the size of the generated droplets 

decreased with increased potential and decreased flow rates of dispersed phase.77,78 In addition, 

electrostatic dispersion based liquid-liquid contactors was demonstrated efficient for extraction.74 

However, the study of electric fields in chemical reactions in liquid biphasic systems is rather 

limited. 

Young et al. studied a photopolymerization reaction with combined electrospray and 

ultraviolet light to control the synthesis of hydrogel microspheres for cell delivery.79 In their 

study, the electrospray was utilized as a tool for particle size control. Consistent results with 

other research were obtained in terms of decreased droplet size with increased voltages and 

reduced flow rates.  

A few studies have investigated the effects of electric fields on biocatalytic processes.80,81 

Reactions employing biocatalysts are generally conducted in liquid biphasic systems under mild 

operating conditions and sufficient interfacial area is often required to achieve high reaction 

rates. The utilization of electrostatic dispersion offers a possibility to conduct biocatalysis with 

increased interfacial area while minimizing energy consumption. Kaufman et al. reported an 

electric field contactor for biodesulfurization of dibenzothiophene and crude oil.80 In that system, 
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an emulsion of aqueous biocatalyst was generated in the organic phase by electric fields. Fine 

aqueous droplets of 5 μm in diameter could be produced which significantly increased the 

surface area with no increase in energy consumption compared to that in a batch system. 

Weatherley et al. investigated the hydrolysis of tri-glyceride ester in the presence of enzyme in 

an electrically sprayed reaction system and compared it with a stirred batch reactor.81 It was 

shown that the reaction rate in the sprayed system was significantly enhanced when the applied 

electrical potential increased, which resulted from the increased interfacial area. A clear 

difference in the reaction rate was observed when the polarity of the electric field was reversed. 

More importantly, the reaction rate per unit interfacial area under electrical dispersion condition 

was dramatically increased compared to that in a stirred reactor, suggesting the possible 

influence of electric field on enzyme activity. 

In a recent study by Wakisaka and co-workers, a so-called “femtoreactor” system based on 

electrospray was proposed.82 In this work, the hydrolysis of dimethyldichlorosilane by water to 

form cyclosiloxanes was carried out in a liquid-liquid system, with the liquid reactants 

electrostatically sprayed into an organic phase through two inlets. It was suggested that the 

polarity of the electric field makes a difference on the droplet size. The reaction rate and yield of 

the kinetically favored product (hexamethylcyclotrisiloxane) increased with increased voltages. 

Those increases were attributed to the smaller droplet size under higher applied voltages, which 

increased the interfacial area and promoted the transfer of the cyclotrimer product to the organic 

phase before it further reacted to form the thermodynamically favored cyclotetramer product. 

This study demonstrated the enhanced reaction rate and selectivity achieved by increased 

interfacial areas due to the formation of electrostatically induced fine droplets. 
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Recently, controlling reaction rate and selectivity by applications of oriented external electric 

fields (OEEFs) has attracted plenty of attention.83-85 It was proposed that an oriented external 

electric field could catalyze chemical reactions by lowering the activation energy barriers and 

stabilizing reactive species. Meir et al. reported that organic reactions can be theoretically 

accelerated when an external electric field is oriented along the “reaction axis” which enhances 

the electron flow, resulting in a lower reaction barrier and the stabilization of transition states.86 

Wang et al. predicted that the reaction enantioselectivity may be controlled by aligning the 

electric field along the dipole moment of the reactants.87 Subsequent experimental studies proved 

the promoting ability of OEEF on organic reactions by aligning along the reaction coordinate at 

molecular level,88,89 while there is no direct experimental evidence so far to support the idea of 

controlling chiral discrimination by OEEFs. 

In conclusion, application of external electric fields to organic synthesis showed great 

benefits of mass transfer intensification and reaction control. While many of the scientifically 

intriguing questions raised by electric fields on reaction performance are not fully understood, 

further experimental and simulation studies would be worthy conducting for in-depth 

understanding of electrically intensified chemistry. 

1.2.4 Summary 

There is an ongoing effort to develop new technologies for process intensification in liquid-

liquid reaction systems. Aims of those developed equipment or methods are focusing on 

intensified mass and heat transfer with efficient reaction control, lower energy consumption, and 

easy of scale-up. Among those, continuous flow processes in different scales, as discussed 

above, have been widely studied over the past decade, while application of external electric 

fields attracted less attention. However, by application of an electrospray, a continuous flow 
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process could also be established with comparable small droplet size. More importantly, 

employment of electrospray requires simpler reactor design which significantly reduces the 

fabrication cost, compared to the aforementioned flow processes. In addition, application of 

external electric fields to chemical reactions may promote the reactions in a way that not only 

increases interfacial area and promotes mass transfer but may also influence the kinetics. 

Therefore, it is worthy further exploring the potential of external electric fields in intensifying 

reactions in liquid-liquid systems. 

1.3 Model reaction system 

The reaction of choice for this study was the asymmetric transfer hydrogenation of 

acetophenone. The transfer hydrogenation of acetophenone is particularly important because of 

the industrial application of it two possible reaction products: 1-phenylethanol and 1-

cyclohexylethanol. In fact, 1-cyclohexylethanol is used in the manufacture of some polymers and 

1-phenylethanol is used in the pharmaceutical and perfume industries. On the other hand, 

acetophenone has also been regarded as a benchmark substrate for investigations of asymmetric 

transfer hydrogenation.  

Asymmetric transfer hydrogenation of acetophenone has been extensively investigated with 

2-propanol or formic acid as hydrogen source and chiral Ru complex as catalysts in 

homogeneous systems.90-92 The high efficiency of the discovered chiral Ru catalysts (Noyori 

catalyst) enabled a yield of up to 99% and an enantioselectivity of up to 98% of the 

corresponding product enantiomer, which significantly promoted the development of asymmetric 

synthesis for medication applications. Subsequently, the mechanism of the reaction pathway was 

well presented by Noyori and co-workers,93,94 as shown in Figure 1.10. 
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Briefly, the reduction of acetophenone by 2-propanol or formic acid follows a metal-ligand 

bifunctional mechanism.95,96 The catalyst precursor (18 electron Ru complex 1) undergoes facile 

elimination of HCl on treatment with one equivalent of a strong base to form the true catalyst, 

the 16 electron neutral Ru complex 2. The catalyst 2 further reacts with 2-propanol to generate 

the Ru hydride complex 3 as an intermediate with the formation of acetone as byproduct. Upon 

reacting with the substrate, the hydride from RuH and a proton from NH2 in complex 3 are 

simultaneously transferred to the C=O linkage via a six-membered pericyclic mechanism. It has 

been demonstrated that the reaction of catalyst 2 with 2-propanol is the turnover-limiting step in 

the steady-state hydrogen transfer.91,93 With 2-propanol as hydrogen source, the Ru-catalyzed 

hydrogen transfer between alcohols and ketones occurs reversibly. In the case with formic acid 

as hydrogen source, CO2 is produced as byproduct, which leads to full completion of the 

reaction. 

 

Figure 1.10 Mechanism of asymmetric transfer hydrogenation of acetophenone with 2-propanol catalyzed by chiral 

RuCl(p-cymene)[Ts-DPEN] complex. 
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Though with excellent activity, the Ru catalyst cannot be easily separated from products, as 

with most homogeneous catalysts. In the efforts to design immobilized Ru catalysts for better 

catalyst recovery, water was found to be an excellent solvent for the Ru-catalyzed transfer 

hydrogenation reaction with sodium formate as a reductant.97-99 While facilitating the reaction 

rates, the presence of water further complicated the reaction mechanism by forming a biphasic 

system. On the other hand, vigorous agitation and a small volumetric ratio of organic substrate to 

water were required for efficient mixing. While surfactants or phase transfer catalysts may also 

be employed to promote the interfacial transfer of reactive species,100 they could cause 

environmental concerns.  Further mechanistic study suggested that the reaction rate was limited 

by the hydrogen transfer step (hydrogen transfer from catalyst to ketone substrate) when water 

was present, which is different from the limiting step in the asymmetric transfer hydrogenation 

of acetophenone with 2-propanol or formic acid presented. It was proposed that the mechanism 

of hydrogen transfer when water was present may be step-wise instead of concerted.101 While 

water may significantly influence the reaction pathway, it role is not fully understood. 

In conclusion, water plays an important role in the recovery of the chiral Ru catalyst and it 

may be involved in the transfer hydrogenation steps, yet the mechanism is not fully elucidated, 

which is worthy highlighting by further research. On the other hand, due to the formation of the 

liquid interface, mass transfer limitation becomes an issue, which requires vigorous agitation and 

a large excess of aqueous phase to promote mixing, limiting the practical application of this 

process. Therefore, the transfer hydrogenation of acetophenone with aqueous sodium formate as 

hydrogen source could serve as a great model system for evaluation of proposed intensification 

methods as well as for exploration of reaction mechanism with the presence of water. 
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1.4 Research motivation 

Process intensification employing electric fields has been studied for decades, however, its 

application in liquid phase reaction systems, particularly for organic synthesis is rather limited. 

As has been discussed, application of liquid biphasic systems is important in chemical industry 

and offers a sustainable approach for organic synthesis. However, reactions in those systems 

often suffer from low mass transfer rates. Therefore, the initial purpose of this research is to 

establish a protocol of applying external electrical fields to intensify reactions in liquid biphasic 

systems for organic synthesis. 

To achieve this goal, the transfer hydrogenation of acetophenone with aqueous sodium 

formate as hydrogen source catalyzed by the well-known chiral Ru catalyst (Noyori catalyst) was 

studied as a model reaction. By applying external electric fields, the reaction was studied in a 

batch system based on electrophoresis and in a continuous system based on electrospray. The 

innovation of this research is presented in the following three aspects: 

1) The proposed reaction is a phase transfer reaction in principle, which takes place at the 

interface and is limited by mass transfer. By applying an external electric field to the reaction 

system, the charged reactive species, such as formate, could be transferred to the interface by the 

applied electrostatic forces through electrophoresis process. Enhanced transfer hydrogenation of 

acetophenone in an aqueous-organic liquid biphasic system by a cationic surfactant induced local 

electrostatic force was reported by Wang et al.,102 which supports the idea of applying an 

external electric field to promote the reaction. On the other hand, with the application of external 

electric fields, phase transfer catalysts or surfactants are no longer required, thus avoiding 

lengthy design of new phase transfer catalysts and reducing complexity in the system. 
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2) The aqueous formate solution is highly conductive, while the organic phase containing 

acetophenone substrate is of low conductivity. By generating electrostatic dispersion of the 

aqueous phase into the organic phase, fine droplets could be produced to significantly increase 

interfacial area and eliminate mass transfer limitation in the reaction system. Furthermore, the 

energy consumption for generating an electrospray is significantly lower compared to that using 

mechanical mixing methods. While the aforementioned continuous flow processes, including 

microfluidic systems, could also intensify mass transfer between two liquid phases, they often 

require specialized design and the costs for fabrication or for pumps are very high. In contrast, 

electrostatic dispersion is feasible to set up and the cost is relatively low. Therefore, by applying 

an electrospray, a high-performance reaction system could be established with reduced energy 

consumption and costs. 

3) Studies have shown that oriented external electric fields (OEEFs) could be employed for 

controlling reaction rate and selectivity via manipulation of activation energy barriers and 

stabilization of reactive species during the reactions. The influence of OEEFs upon chemical 

reaction performance has raised a number of scientifically interesting questions and increasing 

evidence has shown that OEEFs could be employed as smart reagents and catalysts in organic 

synthesis. However, those studies are limited in theoretical modeling or experiments that were 

conducted at the single molecule scale. The significance of OEEFs in experimentally controlling 

reaction rates and selectivity in bulk quantity reactions for organic synthesis remains 

understudied. Therefore, this research set out to explore the possibility of external electric fields 

being deployed to control synthesis of organics on a bulk scale and to shed light on the roles of 

external electric fields in synthetic chemistry and catalysis in liquid biphasic reaction systems. 
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1.5 Research goals 

Based on the research motivations, there are several goals to be achieved in this research: 

(1) Validate the idea of using an external electric field as a replacement of phase transfer 

catalysts in a batch reaction system. 

(2) Explore the possibility of external electric fields in controlling chemical reactions, 

particularly for the proposed asymmetric transfer hydrogenation reaction, by means of 

influencing mass transfer, kinetic, and selectivity. 

(3) Establish a flow reaction system based on electrospray to achieve fast and efficient reaction 

for potential large-scale applications.  
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Chapter II: Enhanced Catalytic Phase Transfer Hydrogenation of 

Acetophenone by Application of a Low External Electric Field 

2.1 Introduction 

As has been discussed in Chapter I, the asymmetric transfer hydrogenation of acetophenone with 

sodium formate as hydrogen source was studied as the model reaction in a liquid biphasic system 

to explore the possibility of applied external electric fields to intensify mass transfer and reaction 

performance. The reaction system consists of an aqueous phase in which sodium formate is 

located and an organic phase in which acetophenone substrate and Ru catalysts are dissolved. As 

the two reactants (acetophenone and formate) are separated in different phases, this reaction 

either requires a phase transfer catalyst to facilitate the transfer of formate species from the bulk 

aqueous phase to the interface or requires agitation for efficient mixing. Since the migration of 

negatively charged formate could be controlled by electrostatic forces, an external electric field 

was employed to facilitate mass transfer without mechanical mixing or addition of phase transfer 

catalysts. This is the first step to explore the roles of external electric fields in organic synthesis 

in liquid biphasic systems. The experiments were conducted in a batch system, in which the 

reactions took place in a quiescent hydrodynamic environment with low electric fields applied 

and no mechanical stirring employed. In this chapter, the reaction performance was evaluated 

based on the yields and selectivity of the desired products. Different parameters that could affect 

the reaction performance, such as electrical potential (direction and magnitude), choice of 

organic solvents, were investigated. The work in this chapter lays out the foundation of further 

exploration in this thesis on electrostatically intensified organic synthesis reactions in liquid 

biphasic systems, particularly for those with reactive ions involved. 
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2.2 Experimental section 

2.2.1 Materials 

All chemicals used in this work were purchased from commercial reagent suppliers and used 

without further purification: acetophenone (Sigma-Aldrich, ReagentPlus, 99%), sodium formate 

(SigmaAldrich, BioUltra, 99.0%), RuCl(p-cymene)[(S,S)-Ts-DPEN] (SigmaAldrich), pentane 

(Sigma-Aldrich, anhydrous, 99%), toluene (SigmaAldrich, anhydrous, 99.8%), chloroform 

(Sigma-Aldrich, ≥99.5%), 1-cycolhexylethanol (Sigma-Aldrich, 97%), ethylbenzene (Sigma-

Aldrich, anhydrous, 99.8%),  1-cyclohexylethanone (Sigma-Aldrich), ethylcyclohexane (Sigma-

Aldrich, ≥99%). 

2.2.2 Experimental apparatus 

The liquid biphasic system was set up with a sodium formate/water solution as the more dense 

aqueous phase and acetophenone as the less dense organic phase in which the Ru complex 

(RuCl(p-cymene)[TsDPEN]) was dissolved, as shown in Figure 2.1. A low voltage external 

electric field was applied across the two phases without any agitation. The reactor was 

constructed of highly insulating glass with a cylindrically symmetrical geometry. Two planar 

electrodes of equal dimensions were coaxially located at each end of the reactor. It was therefore 

assumed that the electrical field was linear and uniform in both radial and vertical direction with 

negligible space charge migration and wall effects under the low applied voltages which were 

used. The inner diameter of the reactor was 20 mm. The distance between the two electrodes was 

10 mm. The orientations of the external electric fields are defined in Figure 2.1 (b). Basically, a 

positive orientation in this work is defined as the direction of the electric field when the anode is 

placed in the organic phase with the cathode in the aqueous phase. A negative orientation is 
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defined as the direction of the electric field when the cathode is placed in the organic phase with 

the anode in the aqueous phase. 

 

Figure 2.1 (a) Sketch of experiment set-up, (b) orientations of the positive and negative electric fields, (c) 

experiment apparatus with a 15 V of positive electric field applied. 

2.2.3 Experimental procedure 

Experiments were carried out in the glass reactor, as shown in Figure 2.1, with two adjustable 

electrodes on the ends. Experiments were conducted with or without the use of organic solvents. 

Organic solvents used were toluene, pentane, and chloroform.  

When there was no organic solvent, experiments were conducted as follows: 0.8755 g of 

sodium formate was fully dissolved in 1.5 mL deionized water before transfer to the reactor, 

forming the bottom aqueous phase layer. Then 1.5 mL of acetophenone containing 0.0273 g of 
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dissolved Ru catalyst was added to the reactor, forming the top organic layer. The mole ratio of 

Ru catalyst: acetophenone: formate was 1: 300: 300. 

When the experiments were conducted with organic solvents, 0.75 mL of the organic solvent 

was added to the 0.75 mL of Ru/acetophenone solution (0.0273 g of Ru catalyst dissolved in 

0.75 mL of acetophenone). After full mixing, the organic solution was transferred to the reactor 

with the 1.5 mL of aqueous sodium formate solution. The mole ratio of Ru catalyst: 

acetophenone: formate was 1: 150: 300.  

The reaction was conducted at room temperature and ambient pressure for 24 h with or 

without an external electric field applied across the two phases. After reaction, 100 μL of liquid 

samples from the organic phase were taken out from the reactor and diluted to 1.5 mL with 

methanol prior to GC analysis. Solid products generated at the liquid-liquid interface were 

collected from the reactor and washed with chloroform and deionized water for three times to 

remove any organic compounds or catalysts attached on the solids. The aqueous solution 

obtained was then collected and dried with low pressure evaporation to generate the white solid 

sample for FTIR analysis. 

2.2.4 Analytical methods and characterizations 

Gas chromatography (GC)  

Liquid samples were analyzed by gas chromatography (Agilent 6890N equipped with a J&W 

SCIENTIFIC DB-WAX capillary column, 15 m × 0.53 mm, and a flame ionization detector) 

under the following conditions: helium as carrier gas (5 mL/min), inlet and detector temperatures 

250 °C, oven temperature 150 °C, and injection volume of 1 μL. The retention time of the six 

possible components (acetophenone, 1-phenylethanol, 1-cycolhexylethanol, ethylbenzene, 1-
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cyclohexylethanone, and ethylcyclohexane) in the reaction system was determined using 

individual standards. 

Fourier transform infrared spectroscopy (FTIR)  

Solid samples were analyzed by Fourier transform infrared spectroscopy. The Fourier transform 

infrared spectra were obtained using a Nicolet™iS™10 FT-IR spectrometer equipped with a 

monolithic diamond ATR crystal (Thermo Fisher Scientific Inc., USA). Signals were collected in 

the range from 4000 cm-1 to 500 cm-1 with the resolution of 4 cm-1 and at 100 scans. Solid phase 

standards of sodium formate and sodium bicarbonate (both of p.a. purity grade) were analyzed 

directly using the ATR crystal. The blend of the two standards, with the mass ratio of 1:1, was 

carefully prepared with the use of an agate mortar and pestle and next investigated with the ATR 

crystal. Homogeneity of the mixture was tested by comparison of FTIR spectra for three 

different samples and no discrepancies between the examined spectra were observed. 

2.3 Results and discussion 

2.3.1 Reaction stoichiometry 

The experiments were initiated with the application of a low electric potential of positive 15 V in 

a reaction comprising sodium formate solution and acetophenone with no organic solvent 

presented. No current was measured in the system during the reaction. After 24 h of reaction, the 

color of the organic phase turned to dark brown from a clear light brown color, and a layer of 

white solids was formed at the liquid-liquid interface region. GC analysis showed that 1-

phenylethanol was the only organic product formed during the reaction, and no other organic 

intermediates or by-products were detected. FTIR analysis (Figure 2.2) indicated that the solids 

at the interface are a mixture of sodium formate and sodium bicarbonate, which suggests that 
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sodium formate was converted into sodium bicarbonate during the reduction of acetophenone. 

The solid product was identified as a mixture of sodium bicarbonate and sodium formate based 

on the following observations from the spectra: 1) a characteristic peak was observed at ca. 1000 

cm-1 which corresponds to the C-OH stretch of sodium bicarbonate, 2) characteristic peaks at ca. 

2710 cm-1, 2830 cm-1 and 2950 cm-1 corresponds to sodium formate C-H bending vibrations, 

symmetric C-H vibrations, and asymmetric C-H vibrations respectively, 3) the characteristic 

peaks in the solid sample spectra are identical with the standards mixture spectra though with 

different peak intensities due to the different mass ratios. 

 

Figure 2.2 (a) FTIR spectra for the solid sample, (b) FTIR spectra for the 1:1 mixture of standard sodium formate 

and sodium bicarbonate, (c) FTIR spectra for the standard sodium bicarbonate, (d) FTIR spectra for the standard 

sodium formate. 
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The formation of sodium bicarbonate strongly suggested the participation of water in the 

reaction. Therefore, the reaction stoichiometry is balanced as equation (2-1). 

 

2.3.2 Direction of EEF  

The effects of the direction of the applied electric fields on reaction performance were studied by 

comparison of the experiment with positive 15 V applied with a control experiment with no EEF 

applied and an experiment with negative 15 V EEF applied. No organic solvents were used in 

those experiments. The corresponding yields were summarized in Figure 2.3. As can be seen, 

when the EEF was applied in the positive orientation, a yield of about 13% was achieved. There 

was nearly a 3-fold increase in the yield of 1-phenylethanol at equivalent reaction time compared 

to that without electric field applied. Having demonstrated the intensification effect of EEF on 

the catalytic phase transfer hydrogenation of acetophenone, the EEF orientation was reversed, 

resulting in a dramatic inhibition of the reaction, with less than 1% of 1-phenylethanol produced. 

These results show strong evidence that the application of external electric fields could 

significantly influence reaction performance in a liquid biphasic system with reactive ions 

involved. It also suggests that the reaction performance could be potentially manipulated by 

controlling the orientation of the electric field. 
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Figure 2.3 Yields of 1-phenylethanol under different electric field conditions (15 V positive OEEF, 15 V negative 

OEEF, and no OEEF). 

2.3.2 Possible mechanism 

Based on the above observation, one possible reason for the EEF induced intensification is the 

increased mass transfer rate of reactants to the interfacial region, as illustrated in Figure 2.4. A 

positive EEF could facilitate the continuous migration of the negatively charged formate to the 

interface at an accelerated rate. On the other hand, as suggested by Meijer and co-workers, a 

protonated 16-electron Ru complex (see Figure 2.5) was possibly formed during the reaction 

system as the real catalyst.103 This cationic Ru complex is possibly enriched in the interfacial 

region due to the electrostatic force and it would rapidly interact with the negatively charged 

formate to generate the 18-electron Ru complex, thus accelerating the hydrogenation reaction by 

transferring the two hydrogen to the substrate. Possible reduction of the reaction barrier by EEF 

could also contribute to the increased 1-phenylethanol yield, as suggested by Shaik and co-

workers,104 which requires further investigation.  
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By comparison, when the EEF was applied in the reversed orientation, formate and the 16-

electron Ru complex were assumed to be constrained in the aqueous and organic phases 

respectively, thus preventing the reaction. 

It is, therefore, postulated that as the formate reached the interfacial boundary, it transferred a 

hydride to the protonated 16-electron Ru complex to form the 18-electron Ru complex with the 

release of CO2. Following the mechanism proposed by Meijer and co-workers, a water molecule 

likely transfers a proton to the ketone substrate, generating OH- ion.105 The CO2 further reacts 

with OH- ion to form bicarbonate. As sodium bicarbonate has a very poor solubility in 

acetophenone and much lower solubility in water than sodium formate, while sodium formate is 

very concentrated in the aqueous phase (36.8% w/w, or 58.4 g/ 100 mL water), salting-out 

occurs resulting in the accumulation of the white solids at the interface. While this proposed 

mechanism may explain the observed phenomenon, further investigation is required to validate 

those assumptions.  

In a mechanistic study by Wu et al.,101 water was proposed to be important by participating in 

the catalytic cycle through different mechanisms. The observation in the designed reaction 

system further supported the importance of water in the transfer hydrogenation of acetophenone 

with aqueous sodium formate as hydrogen source. Furthermore, water may provide a hydrogen 

to the substrate, thus significantly changing the mechanism. 
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Figure 2.4 Proposed distribution and migration of ions/species in the two phases under a positive EEF. 

 

Figure 2.5 The (a) protonated 16-electron Ru complex and (b)18-electron Ru complex. 

2.3.3 Organic solvents 

The effects of organic solvents on the reaction performance were subsequently investigated with 

EEF applied. Addition of an organic solvent to the organic substrate can be important in phase 
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transfer catalysis reactions for promoting the interaction of reactive species in the organic phase. 

However, in the case when an external electric field is applied, the interactions between reactive 

species could be significantly different due to the presence of an applied electrostatic force. The 

difference in physical property of the organic phases could significantly change the strength or 

magnitude of the electrostatic force applied to the reaction ions, resulting in changes to the 

interactions between reactive species, which could further influence the reaction performance.  

In this part, three commonly used organic solvents with different physical properties were 

preliminarily studied, as shown in Figure 2.6 and Table 2.1. When non-polar solvent (n-

pentane) was employed, the yield of 1-phenylethanol was obtained at 22.6% with a selectivity of 

about 60% after 24 h of reaction with positive 15 V applied. Toluene showed the poorest 

influence on acetophenone reduction with the lowest 1-phenyethanol yield and selectivity. 

However, when chloroform, which has the highest polarity among the three, was used as solvent, 

the highest 1-phenylethanol yield of 30.7% was achieved under the same reaction condition and 

the selectivity was as high as 87%.  

One possible reason for the observed difference in product yields is the different response of 

the organic solvent molecules to the stabilization effect on their dipole moments by the oriented 

external electric field, as suggested by Shaik et al.84 Once stabilized, the molecule dipole will be 

aligned opposite to the direction of the electric field. In other words, the molecules are polarized 

in a certain orientation under the influence of the applied electric fields. Accordingly, in the 

reaction system studied, when the positive EEF was applied, the resulting positive end of the 

solvent molecules would orient towards the interface. As chloroform has the largest dipole 

among the three solvents, it would be polarized to the largest extent, which makes the 
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chloroform phase most attractive to the negatively charged formate. Additionally, the highest 

solubility of water in chloroform may also contribute to the increased reaction yield. 

 

Figure 2.6 Yields and selectivity of 1-phenylethanol with different solvents used and 15 V of positive EEF applied. 

The physical properties of the studied solvents are presented in Table 2.1. It suggests that the 

electrical conductivity of the organic solvents may also play an important role in the reaction 

performance. When the solvent is more conductive, there is less potential drop across the organic 

phase. As chloroform and n-pentane are about 6 orders of magnitude more conductive than 

toluene, a higher electric field strength would be maintained across the interface due to the 

smaller potential drop. This resulted in a larger electrostatic force to promote the migration of 

formate to the interfacial region and finally led to higher product yields. While toluene has a 

higher dipole moment than n-pentane, it is much less conductive and gives the lowest 1-

phenylethanol yield, suggesting that electrical conductivity may be a dominant factor than dipole 

in influencing the migration of reactive species under EEFs. When comparing the different 

effects on reaction performance between chloroform and n-pentane, the higher yield achieved by 
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using chloroform may be attributed to the overall promoting effects by polarity, electrical 

conductivity, and solubility. This also suggests that the influence of organic solvents on phase 

transfer catalysis reaction is much more complicated when an external electric field is applied. 

The viscosity of the solvents showed a negligible influence on the reaction performance. This 

is possibly due to the small difference between the viscosities and the dominant effect of electric 

field on the mass transfer rate. Overall, chloroform exhibited the best performance among the 

solvents studied on phase transfer hydrogenation of acetophenone under a low positive EEF of 

15 V. Further studies are required to involve more solvents and to reveal their roles in phase 

transfer catalysis with application of EEFs. 

Table 2.1 Physical properties of the studied organic solvents 

Solvents Polarity Dipole (D) 
Electrical conductivity 

(siemen/cm) 
Viscosity (cP) Mixture viscosity (cP)a 

Toluene 9.9 0.4 8E-16 0.59 0.88 

n-Pentane 0.9 0 2E-10 0.24 0.34 

Chloroform 25.9 11 <1E-10 0.57 0.96 

a Mixture viscosity was measured with a Brookfield Digital Rheometer (DV-III) at 22 °C with 0.5 mL of organic 

solvents and 0.5 mL of acetophenone. 

2.3.4 Potential of EEF 

Studies by Kaminski et al. have indicated that increased electric field potential led to improved 

mass transfer rates. Therefore, the influence of different EEF potential on the reaction 

performance was studied and the results are presented in Figure 2.7. Chloroform was used as 

solvent and positive electric fields were applied in those experiments. As shown in Figure 2.7, 

the yield of 1-phenylethanol increased by 5-fold and the selectivity increased by more than 2-
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fold when the EEF potential increased from 0 V to 15 V. However, when the potential was 

increased to 30 V, no apparent increase of 1-phenylethanol yield or selectivity was observed. 

The observed 1-phenylethanol production showed a non-linear dependence on the EEF 

potential, while the reason is unknown as the reaction condition was not optimized and the data 

are not sufficient to draw a conclusion. Further research is required to evaluate more EEF 

potential values and to elucidate the influence of electric potential upon mass transfer and 

reaction kinetics of the proposed reaction. 

 

Figure 2.7 Yield and selectivity of 1-phenylethanol under different positive EEF potential with chloroform as 

solvent. 

2.4 Conclusions 

The work in this chapter successfully demonstrated the possibility of employing a low external 

electric field as a replacement of phase transfer catalyst in phase transfer catalysis reactions, 

particularly for the transfer hydrogenation of acetophenone with sodium formate as reductant. 

This idea was reported for the first time to the best of my knowledge. The study also 
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demonstrated experimentally that an EEF can act as promoter or inhibitor for the phase transfer 

hydrogenation depending on the orientation of the electric field, which suggests a great potential 

of external electric fields in controlling reaction rates. A mechanistic explanation was attempted 

to understand the insight of the intensification by a positive EEF based on published theoretical 

studies of the mechanism. The relatively low product yields are due to the unoptimized reaction 

conditions.  

Overall, the intriguing preliminary findings in this chapter raise the interest to experimentally 

explore and fundamentally understand the science of electric field chemistry and its application 

on organic synthesis and catalysis. Further studies on reaction kinetics, product 

enantioselectivity, etc. will be conducted to better explore the roles of EEFs in the proposed 

reaction system.  



45 
 

Chapter III: Controlling Reaction Rate of Phase Transfer 

Hydrogenation of Acetophenone by Application of a Low External 

Electric Field 

3.1 Introduction 

The idea of controlling reaction rate and selectivity was originated from the pioneering work by 

Shaik and co-workers,83,84,86,87,104,106,107 in which Diel-Alder addition reactions simulated by 

density functional theory (DFT) methods were reported to be accelerated when an external 

electric field was oriented along the “reaction axis”. It was proposed that application of external 

electric fields along the reaction axis could enhance the electron flow, leading to a lower reaction 

barrier and stabilization of transition states and thus promoting the reactions.83,86 Meanwhile, it 

was also proposed that the reaction enantioselectivity may be controlled by aligning the electric 

field along the dipole moment of the reactants.87 However, attention was not directed at 

manipulating chemical reactions by application of external electric fields until it was evidenced 

in an experimental study by Aragones et al., in which a Diel-Alder addition reaction at the 

single-molecule level was accelerated by an electric field applied through a scanning tunnelling 

microscopy break-junction approach.88 Since then, external electric fields have been regarded as 

smart reagents and catalysts for a range of chemical reactions, and significant efforts have been 

devoted to this area both theoretically and experimentally.89,108-110 

While appealing and promising, these studies are only successfully conducted on molecular 

scale, and precise techniques, such as scanning tunneling microscope break junction (STMBJ) 

88,111,112 or mechanically controllable break junction (MCBJ),89,113,114 are usually required for 

operation and analysis. Challenges arise when applying those theories and methods to bulk scale 
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reactions. One of the major challenges is to align the electric field along the reaction axis while 

thousands of reactant molecules are randomly oriented in the reaction system. Another challenge 

is to maintain safety when a voltage as high as thousands of volts is applied to a lab-scale (or 

larger scales) reactor, as the required electric field strength is in the range of 107 to 109 V/m.89,110 

Due to those challenges, the significance of external electric fields on controlling chemical 

reactions on bulk scale remains understudied. 

The preliminary work conducted in Chapter II provides an alternative way to simply 

manipulate the reaction rates by controlling the migration of reactive species in the system via 

the application of a low external electric field. The local concentration of the reactants could be 

altered by flipping the orientation of the external electric field, thus either promoting or 

inhibiting the reaction. 

In this chapter, further studies are described based on the same model reaction (transfer 

hydrogenation of acetophenone with sodium formate) in a batch system to give more insights in 

the roles of external electric fields in reaction control. Studies on electrostatically influenced 

mass transfer, reaction kinetics, mechanism, product enantioselectivity, catalyst activity, etc. 

were discussed. Mathematical modeling and simulation using COMSOL Multiphysics software 

were conducted to support the experimental results. 

3.2 Experimental section 

3.2.1 Materials 

All chemicals used in this work were purchased from commercial reagent suppliers and used 

without further purification: acetophenone (Sigma-Aldrich, 99%), sodium formate (Sigma-

Aldrich, 99.0%), RuCl(p-cymene)[(S,S)-Ts-DPEN] (Sigma-Aldrich), 1-butanol (Sigma-Aldrich, 
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99.8%), 1-pentanol (Sigma-Aldrich, ≥ 99%), 1-hexanol (Alfa Aesar, 99%), 1-heptanol (Sigma-

Aldrich, 98%), 1-octanol (Sigma-Aldrich, ≥ 99%). 

3.2.2 Experimental apparatus and procedure 

The transfer hydrogenation of acetophenone with sodium formate was studied in the same 

reactor as shown in Chapter II. The biphasic system was set up with a sodium formate/water 

solution as the more dense aqueous phase and acetophenone/organic solvents as the less dense 

organic phase in which the Ru complex (RuCl(p-cymene)[(S,S)-Ts-DPEN]) was dissolved. As 

stated before, the reactor was constructed of highly insulating glass with a cylindrically 

symmetrical geometry. Two planar electrodes of equal dimensions were coaxially located at each 

end of the reactor. The electrical field was assumed to be linear and uniform in both radial and 

vertical direction with negligible space charge migration and wall effects under the low applied 

voltages which were used. The inner diameter of the reactor was 20 mm. The distance between 

the two electrode surfaces was 10 mm.  

The organic solvents studied here were different from those used in Chapter II, which were 

1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, and 1-octanol. Low DC voltage external electric 

fields from a high voltage power supply (PASCO SF-9585A) was applied across the two phases 

without agitation. Stainless steel or titanium electrodes were used. To avoid salting-out that 

occurred in the preliminary work, sodium formate with lower concentration was used. In a single 

experimental study, 0.34 g of sodium formate was fully dissolved in 1.5 mL of deionized water, 

while 117 µL of acetophenone was mixed with 1.5 mL of organic solvent to dissolve 0.0064 g 

Ru catalyst. The mole ratio of Ru catalyst: acetophenone: sodium formate was 1: 100: 500. The 

reactions were conducted at room temperature and ambient pressure with positive or negative 

electric fields applied during reaction. The orientations of the electric field were defined in the 
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same way as discussed in Chapter II. A positive orientation was defined as the direction of the 

electric field when the anode is placed in the organic phase with the cathode in the aqueous 

phase. The conversion of acetophenone, total yield of 1-phenylethanol, and enantioselectivity of 

(S)-1-phenylethanol were determined by gas chromatography using a chiral column. 

3.2.3 Analytical methods and characterizations 

Gas chromatography  

10 µL of liquid samples from the organic phase were withdrawn after each reaction and diluted 

to 1.5 mL with methanol for gas chromatography analysis. An Agilent 6890N gas 

chromatograph equipped with a CP-Chirasil-Dex CB column (25m×0.25 mm) and a flame 

ionization detector was used to identify reaction products and determine enantioselectivity under 

the following conditions: helium as carrier gas (3 mL/min), inlet and detector temperature 250 

°C, oven temperature 115°C. The retention time of the chiral 1-phenylethanol products ((S) and 

(R) 1-phenylethanol) was determined respectively based on the peak areas, the Ru catalyst used, 

and the reference retention time from literatures. 

The enantioselectivity of the (S)-1-phenylethanol is determined as, 

%𝑒𝑒 =  (𝑆 − 𝑅)/(𝑆 + 𝑅) × 100 

where S and R represent the moles of (S)-1-phenylethanol and (R)-1-phenylethanol, respectively. 

Nuclear magnetic resonance (NMR) spectroscopy  

Four samples were prepared for NMR analysis. Sample 1 was prepared by dissolving 5.8 mg of 

RuCl(p-cymene)[(S,S)-Ts-DPEN] in 500 µL of MeOH-d4 (Cambridge Isotopes).  Sample 2 was 

obtained by dissolving 6.4 mg of RuCl(p-cymene)[(S,S)-Ts-DPEN] in a mixture of 1.5 mL 1-

butanol and 117 µL acetophenone. Samples 3 and 4 were collected from reactions under positive 

and negative 15 V of electric potential respectively after 24 h using titanium electrodes and 1-
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butanol as solvent. 500 µL of each liquid sample were pipetted into a 5 mm NMR tube (Wilmad 

Lab-Glass, Vineland, NJ). All NMR spectra were acquired on a 500 MHz Bruker AVIII 

spectrometer equipped with a cryogenically cooled X-channel observe probe. All data was 

analyzed using MestreNova NMR software (Santiago De Compostela, Spain). 

X-ray florescence (XRF)  

A handheld XRF analyzer (Olympus, Delta Professional) with Ru anode and silicon drift 

detector was used for fast determination of the metal contents in the degradation products of 

stainless steel electrode. These solid samples were collected from the interface after reaction and 

dried prior for analysis. Precious metal mode with a targeted collimator was employed during 

analysis. All samples were scanned three times and analyzed with the workstation setup. 

3.3 Theoretical modeling and simulation 

The transport of the charged reactive species, referred to as electromigration in the present study, 

was modeled based on the Nernst-Plank equation.115-117 The molar flux of species i, Ji, is 

expressed in Equation (3-1), describing the diffusion by concentration difference and migration 

by electrostatic force. The convection term is not included due to the fact that the experiments 

were conducted in a quiescent hydrodynamic environment. 

𝐽 = −𝐷 𝛻𝑐 − 𝑐 𝛻𝛷                                                   (3-1) 

where Di is the diffusion coefficient (m2/s), ci is the ion concentration (mol/m3), zi is the valence 

number, F is the Faraday constant, R is the gas constant, T is the absolute temperature (K), and Φ 

is the electric potential (V).  

The Wilke-Chang equation (Equation (3-2))118 was applied to estimate the mutual diffusion 

coefficient of acetophenone and the Ru catalyst in 1-butanol, where MB refers to the molecular 
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weight of solvent, μB is the viscosity of solvent, VA is the molar volume of the solute. A value of 

unity was used for the empirical parameter φ.  

𝐷 =
. × ( ) ⁄

.                                                      (3-2) 

The electric field in the domain was described by the Poisson differential equation118: 

𝛻 ∙ (𝜀 𝜀 𝛻𝛷) = −𝜌                                                         (3-3) 

where ε0 is the dielectric constant of the free space, εr is the relative permittivity of materials, ρv 

is the electric space charge density. 

Figure 3.1 illustrates the model geometry of the reactor and the accounted species in the two 

phases. Simulation was conducted to understand the mass transfer of reactive species in the 

proposed reaction system, assuming no reaction nor flux at/across the interface. Therefore, the 

boundary condition was set up in equations (3-4).  

At z = L, −𝛻𝐽 = 0                                                     (3-4) 

 

Figure 3.1 Model geometry. L = 0.5 cm. ACP is short for acetophenone. 
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The equations were solved using the finite element method in COMSOL Multiphysics 5.4, 

with defined initial concentrations, charge numbers, and mutual diffusion coefficient values. 

Concentration profiles of Ru catalyst and formate at the interface were calculated under various 

external electric fields. 

3.4 Results and discussion 

3.4.1 Solvent effects 

The effects of the different organic solvents used in conjunction with the acetophenone reactant 

were first studied as their different physical and chemical properties could significantly affect the 

reaction performance, especially when an external electric field is applied. Five primary 

alcohols, namely 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, and 1-octanol as organic solvents 

were investigated. The choices were made based on the principles of green chemistry on one 

hand, on the other hand, the selected solvents should be immiscible with water and have 

distinguishable density difference in order to maintain a stable biphasic reaction system. A 

number of different organic solvents were tested, and these five primary alcohols stood out for 

their low environmental impacts and the abilities to generate a stable interface with water.  

The experimental results are presented in Figure 3.2, showing total conversion values and 

product yields. Table 3.1 lists the physical and chemical properties of the five solvents. No 

corresponding aldehyde by-products were detected by GC analysis after the reactions, which 

confirmed the role of sodium formate as hydrogen source and the concept of phase transfer 

hydrogenation. As we can see, addition of 1-butanol resulted in the best performance in 

promoting the transfer hydrogenation of acetophenone with or without external electric fields. 

When 15 V of positive DC voltage was applied, the conversion and yield were almost doubled 
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compared to those with no electric field applied, reaching 84.7% and 76.8% respectively after 24 

h of reaction. The conversion and yield decreased gradually with the increase of the molecular 

weight of these homologous alcohol solvents regardless of applied electric fields. 

 

Figure 3.2 Acetophenone conversion (mol%) and 1-phenelethanol yields (mol%) under 0 V or 15 V of positive 

external electric field for 24 h with different organic solvents and stainless steel electrodes. 

One possible reason for the significantly different performance may be their respective 

solubilities in water. Compared to the other solvents, 1-butanol has the highest solubility in 

water, which initially promotes the interaction between the reactants at the interface to the most 

extent, resulting in the highest conversion and reaction rate (more than 2-fold faster than that 

with 1-octanol as solvent). On the other hand, these alcohols are protic solvents, which possess 

the ability to generate protons by dissociation. With the largest dielectric constant value among 

the studied solvents, 1-butanol has the greatest potential to be polarized to generate protons 

under an external electric field. These protons could further promote the dissociation of the 

neutral Ru compound (RuCl(p-cymene)[(S-S)-Ts-DPEN]) to form the cationic Ru complex 
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(species 2 in Figure 3.5) by removing the chloride ion, therefore accelerating and promoting the 

generation of the catalysts and ultimately increasing the production rate. While the dipole 

moment and electrical conductivity might be important in electrostatically promoted reactions 

according to the previous investigation in Chapter II, the differences of these properties between 

the five solvents are small. Accordingly, it is difficult to attribute the differences in reaction 

performance to dipole moment and conductivity in the present study. 

Table 3.1 Properties of the studied organic solvents. 

Solvent Electrical conductivity (ns/cm) 
Solubility in water 
(25°C/mass%)119 

Dipole(D)119 
Dielectric constant 

(20°C)119 

1-butanol 60120 7.3 1.66 17.84 

1-pentanol 41121,122 2.14 1.7 15.13a 

1-hexanol -- 0.59 -- 13.03 

1-heptanol -- 0.164 -- 11.75 

1-octanol 66120 0.046 1.76 10.3 

a: This value was obtained at 25°C. 

3.4.2 Electric field potential 

Various values of positive external electric field potential were applied to determine their effects 

on mass transfer and kinetics in the proposed reaction system. The conversion of acetophenone 

under different values of positive external electric field, recorded at different times are shown in 

Figure 3.3. The data in this Figure are only for the acetophenone/1-butanol mixture using 

stainless steel electrodes. It was observed that the initial reaction rates increased with the 

increase of electric field potential. The conversion of acetophenone in the presence of an applied 

voltage of 100 V was observed to reach 44.5% after a reaction time of 2 hours, which is nearly 4-

fold of the conversion attained at 15 V. However, at longer reaction times, the rate of increase 
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was observed to decline. The decline was greater at the higher voltages. For example, after 8 h, a 

higher conversion was achieved at 15 V compared to the values observed at 30 V and 50 V. The 

total conversion at 15 V reached 84.7% after 24 h which is about 20% higher than that at 30 V 

and 40% higher than that at 50 V. 

 

Figure 3.3 Acetophenone conversion (mol%) under different positive external electric field for 24 h with stainless 

steel electrodes and 1-butanol as solvent. 

The increase in conversion with increased electric field potential in the first few hours is 

consistent with the increased mass transfer of charged reactive species controlled by external 

electric fields. This is supported by the simulation results in Figure 3.4. As we can see, the rates 

of electromigration of both formate and Ru catalyst were increased with the increase of voltage 

at the beginning. The enhancement of reaction rates observed under higher electric fields is 

consistent with the accelerated transportation rates of both formate anions and the cationic Ru 

catalysts to the liquid-liquid interface, resulting in more rapid reactions compared to those with 

lower electric fields applied. The simulation results also suggested that the equilibrium 

concentration of Ru catalyst at the interface decreased with increased voltage, which explains the 
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corresponding lower conversion at longer reaction times when higher electric fields were 

applied. Additionally, as suggested by Pavlova et al.,105 a negatively charged alkoxide 

intermediate could be formed during the reaction. As the reaction continues, a portion of these 

alkoxide anions could be attracted and constrained to the region close to the anode electrode, 

preventing these reactive species from migrating to the interface region and thus retarding the 

reaction rates. This inhibition is greater when a greater electrostatic force is applied, leading to 

the lower reaction rate as observed at an elevated electric field potential after longer reaction 

times. 
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Figure 3.4 Simulated concentration profiles at the interface under various electric fields. (a) concentration profile of 

formate ions, (b) concentration profile of Ru catalyst. 
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On the other hand, an external electric field induced current flow in the reaction system along 

with degradation of the stainless steel anode electrode (immersed in the organic phase) were 

observed. Additionally, gas bubbles of unknown composition were generated on the cathode. 

The degradation of the electrode was confirmed by weight loss measurement (see Cases 1, 2 and 

3 in Table 3.2). The degradation products which formed a thin layer of black slurry at the liquid-

liquid interface were characterized by XRF analysis. The analysis showed that the slurry 

consisted mainly of Fe, Ni, and Cr with a small amount of Ru. For reactions under higher electric 

potentials, higher current flows and greater degradation rates of the anode electrode were 

observed as shown in Table 3.2 (Cases 1, 2, and 3). The decomposition of the electrode is 

consistent with galvanic corrosion, in which hydrogen is produced at the cathode with the 

corrosion occurring at the anode. At higher electric potentials, stronger galvanic corrosion effects 

would be expected, leading to greater electrode degradation rates. With more metal ions released 

from the degradation process, higher current flows would be observed due to increased 

conductivity of the system. The degradation products formed as a slurry layer at the interface 

could block the interface thus decelerating the reaction by inhibiting the mass transfer to the 

interface. At higher electric potential, a higher degradation rate was observed, leading to a higher 

blocking coverage of the interface and finally leading to a lower reaction rate and conversion. 

To eliminate the negative effects of electrode degradation and clarify the inhibiting effects of 

high electric potential, chemically stable titanium electrodes were employed as replacements of 

stainless steel electrodes, and the results are recorded as Cases 4, 5, and 6 in Table 3.2, 

compared to those with stainless steel electrodes (Cases 1, 2, and 3). For experiments with 

different electric potential applied, the average degradation rate of titanium electrodes is less than 

0.1% w/w, and no apparent black slurry was observed. Although there was negligible evidence 
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of titanium electrode degradation, reaction performance showed the same trend as observed in 

the experiments using stainless steel electrodes, when the applied electric potential was 

increased. This suggests that the electrode degradation plays a minimal role in the changes of 

reaction performance, thus strongly suggesting the influence of electrostatic forces on the 

controllable migration of Ru catalyst and alkoxide ions being the main reason for the reaction 

deactivation and the importance of external electric fields in controlling reaction rates. 

Furthermore, in spite of apparent reaction deactivation, a constant product ((S)-1-phenylethanol) 

enantioselectivity was achieved. This is evidence that there was no catalyst decomposition 

during the reaction under positive external electric fields, which may further suggest that the 

deactivation is most likely due to the influenced migration of reactive species. 

Table 3.2 Summary of experiments under various positive external electric fields. 

Case Voltage (V) Time (h) Electrode Current (mA) Weight loss (% w/w) Yield (%) ee (%) 

0 0 24 -- N/A ~0 49.8 94.6 

1 15 24 SS 1.2 3.5 76.8 93.5 

2 30 24 SS 1.7 4.3 55.5 93.4 

3 50 24 SS 2.6 4.4 32.6 93.3 

4 15 24 Ti 0.2 0.085 67.4 94.5 

5 30 24 Ti 0.5 0.085 60.1 94.5 

6 50 24 Ti 1.6 0.09 26.6 94.5 

7 30-8h + 15-16h Ti 0.2 0.09 67.5 94.5 

8 30-4h + 15-20h Ti 0.2 0.02 63.9 94.3 

9 50-4h + 15-20h Ti 0.2 0.1 47.1 94.3 

A further set of experiments was conducted to investigate the reaction performance when the 

applied electrical potential was varied over the course of the reaction. With reference to Table 

3.2, the data shown in the last three rows list the results of these experiments, labelled Cases 7, 8, 
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and 9. In case 7, after reacting for 8 h under 30 V, the electric potential was switched to 15 V for 

another 16 h of reaction. The reaction yield reached 67.5%, increased by 7.4% compared to that 

with solely 30 V applied for 24 h (Case 5).  In case 8 and 9, 30 V or 50 V were applied for 4 h 

respectively followed by application of 15 V for 20 h. In these two cases, the yields of 1-

phenylethanol increased when comparing to those with solely 30 V or 50 V applied for 24 h. 

These results suggest that the reaction could be externally controlled by simply switching the 

applied electric potential over the course of the reaction. 

3.4.3 Proposed mechanism and kinetics study 

Based on the observations, a stepwise mechanism for the phase transfer hydrogenation of 

acetophenone with aqueous formate as hydrogen source and RuCl(p-cymene)[(S,S)-Ts-DPEN] 

as catalyst under an external electric field is proposed in Figure 3.5. The cationic Ru complex 2 

is generated by removal of chloride after compound 1 dissolves in 1-butanol. Following the 

formation, species 2 undergoes electromigration to the interface where a hydride is transferred to 

2 from a formate to generate Ru-hydride species 3, with the release of CO2.101 Instead of 

transferring both hydrogen to the substrate concertedly,94 only the hydride on Ru-H in complex 3 

is transferred to acetophenone with the proton on the NH2 moiety retained,105 resulting in the 

regeneration of species 2 and the formation of the corresponding alkoxide intermediate due to the 

stabilization of water by hydrogen bonding.105 This hydride transfer step is proposed as the rate-

limiting step. Finally, the alkoxide quickly picks up a proton from water to form the product,105 

and the generated hydroxide further reacts with CO2 to form bicarbonate as observed in the study 

in Chapter II.  
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Figure 3.5 Proposed mechanism for the phase transfer hydrogenation of acetophenone with aqueous formate as 

hydrogen source and Ru-TsDPEN catalyst. 1: neutral Ru pre-catalyst (RuCl(p-cymene)[(S-S)-Ts-DPEN]), 2: 

cationic Ru catalyst (Ru+(p-cymene)[(S-S)-Ts-DPEN]), 3: Ru-hydride catalyst (RuH(p-cymene)[(S-S)-Ts-DPEN]), 

4: acetophenone, 5: corresponding alkoxide of acetophenone, 6: 1-phenylethanol. 

The stoichiometry and rate expression consistent with the proposed mechanism are 

summarized in Equations (3-5) - (3-11), assuming that the coordination of formate with species 2  

to form a formato intermediate and its decarboxylation to generate species 3 are reversible and 

equilibrated prior to hydrogen transfer,101 where K1 is the equilibrium constant, and k1, k2, k3 are 

the respective reaction rate constants. ACP and ACPH- represent acetophenone and its 

corresponding alkoxide, while 1-PE refers to 1-phenylethanol and [Ru] represents the total 

concentration of catalyst. As CO2 rapidly reacts with hydroxide to form bicarbonate during the 

reaction, the concentration of CO2 in the system is expected to be small, therefore the rate 

expression can be further simplified as a second order kinetics over the concentration of catalyst 

and substrate (Equation (3-11)). This is consistent with the study by Wu et al.101 and with the 

above observation which showed that the reaction rates were limited by the concentration of Ru 
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catalyst and the alkoxide at the interface region. Both of these concentrations were affected by 

the electromigration under the influence of external electric fields. These observations suggest an 

important impact of electric fields on kinetics of interfacial reactions involving reactive ions. 

2 + 𝐻𝐶𝑂𝑂- ↔ 3 + 𝐶𝑂                                                        (3-5) 

3 +  𝐴𝐶𝑃 → 2 +  𝐴𝐶𝑃𝐻-                                                       (3-6) 

𝐴𝐶𝑃𝐻-  + 𝐻 𝑂 → 1 − 𝑃𝐸 +  𝑂𝐻-                                              (3-7) 

𝐶𝑂  +  𝑂𝐻- 𝐻𝐶𝑂-                                                              (3-8) 

Overall:          𝐻𝐶𝑂𝑂-  +  𝐴𝐶𝑃 +  𝐻 𝑂 → 1 − 𝑃𝐸 +  𝐻𝐶𝑂-                                  (3-9) 

  Rate expression:            𝑟 =  
[ ][ ][ -]

[ ]  [ -]
                                      (3-10) 

              When [𝐶𝑂 ] ≪ 𝐾 [𝐻𝐶𝑂𝑂 ],        𝑟 =  𝑘 [𝑅𝑢][𝐴𝐶𝑃]                                          (3-11) 

3.4.4 Electric field polarity and product enantioselectivity 

As shown in Table 3.2, the enantioselectivity of (S)-1-phenylethanol remained constant when 

electric fields were applied in the positive orientation. Since the orientation of EEF was proved 

to be important for controlling reaction rates in the study in Chapter II, a reversed external 

electric field was then applied to the reaction system. The results are presented in Table 3.3. In 

these cases, the reactions were inhibited when the electric potential was applied in the negative 

orientation compared to that without electric fields applied, which further confirmed the idea of 

controlling mass transfer and reaction rates by external electric fields, in accord with the findings 

in Chapter II.  

However, the yield of 1-phenylethanol increased with the increased negative electric field 

potential, which was unexpected, since larger inhibiting electrostatic forces should result in 
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lower reaction rates and conversion. Those unexpected increases are likely attributed to the 

significant increase in the current flow in the reaction system. As shown in Figure 3.6, the 

increase in negative electric field potential led to an increase in the current flow, which increased 

the instability of the reaction system. Increase in current flow is consistent with the local 

temperature increase due to joule heating, which may counteract some of the inhibiting effects 

caused by higher negative electrostatic forces and finally promote the reactions. 

Table 3. 3 Summary for experiments with various negative external electric fields applied. 

Voltage (V) Time (h) Electrode Average current (mA) Yield (%) ee (%) 

0 24 -- N/A 49.8 94.6 

-5 24 Ti 1.0 16.9 91.0 

-10 24 Ti 6.2 22.4 86.0 

-15 24 Ti 8.9 23.0 66.1 

-20 24 Ti 15.0 45.6 82.9 

-30 24 Ti 44.0 48.4 75.2 

 

Figure 3.6 Current flow at different reaction time under various negative external electric fields. 
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On the other hand, with the increase of the negative electric potential, decrease in (S)-1-

phenylethanol enantioselectivity was observed. However, these changes in the enantioselectivity 

are probably not due to the ability of EEF on controlling reaction selectivity but are more likely 

attributed to the catalyst decomposition. Figure 3.7 showed the NMR analysis for the 

identification of the chiral Ru catalyst structure in the system before and after reactions. Samples 

1 (spectrum A) and 2 (spectrum B) were obtained by dissolving the fresh Ru catalysts in CD3OD 

and reaction mixture (1-butanol and acetophenone mixture) respectively, and peaks from the Ru 

catalyst are clearly present at approximately 6.57 and 6.79 ppm. For sample 3 (spectra C), 

collected from the reaction run under positive 15 V for 24 h, small signals (due to the low initial 

concentration and difficulty of detection in 1H NMR spectra) for the Ru catalyst can be seen. 

However, the NMR spectra for sample 4, collected from the reaction run under negative 15 V for 

24 h, showed no signals for the Ru catalyst. While the apparent decomposition of the Ru catalyst 

is strongly correlated with the use of the negative electric fields, the mechanism of 

decomposition has not been elucidated.  NMR experiments conducted with deuterated 

acetophenone in the presence of deuterated butanol are expected to provide more insight into the 

decomposition mechanism of the catalyst but are beyond the scope of the present research. 
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Figure 3.7 Stack plot of 1D 1H NMR spectra of samples 1 (A), 2 (B), 3 (C) and 4 (D). To highlight the minor 

species, spectra B was expanded vertically by 8 times, and spectra C and D were expanded by 24 times. 

3.5 Conclusions 

In this chapter, the control of reaction rates by application of low external electric fields for the 

catalytic transfer hydrogenation of acetophenone was demonstrated. The influence of applied 

electric fields on reaction performance was evaluated experimentally and the controllable mass 

transfer of reactive species by electric fields was further supported by simulation results. 

Significant improvements in reaction conversion and yield were achieved at low values of 

positive voltage relative to a control of zero volts, with an optimum voltage of positive 15 V. 

Increases beyond this value to positive 30 V and 50 V showed significant reduction in 

performance at longer reaction times due to lower equilibrium concentration of Ru catalyst at the 

interface and possible formation and migration of the alkoxide intermediate during reaction. The 
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degradation products from the electrolytic corrosion of the stainless steel electrodes did not 

significantly impact the hydrogenation reaction. The influence of different EEF values on the 

concentrations of reactive species at the interface was suggested as the main reason for the 

differences in reaction performance. Enantiomeric excess values were measured, and no 

significant changes were observed with variation in the positive voltage values. A mechanism 

and reaction rate expression were proposed based on the observations, suggesting the importance 

of external electric fields in influencing reactions with reactive ions involved.  

The direction of the applied electric field was proved to be important as both reaction 

conversion and enantioselectivity were significantly reduced when the electric field was in the 

negative orientation. Meanwhile, a monotonic increase in conversion was observed as voltage 

increased from -5 V to -50 V due to possible temperature increase resulted from the increase of 

current. Catalyst decomposition by the influence of negative voltages was concluded as the main 

reason for reduced enantioselectivity, as implied from the NMR analysis. 

The field strength in this study is in the scale of kilovolts per meter (e.g. 1500 V/m, 3000 

V/m, or 5000 V/m), which is 4 to 6 order smaller than those (107 to 109 V/m) applied in the 

experiments at molecular level, indicating a much lower energy consumption. It is likely that 

scale up of the proposed reaction system in a larger reactor, based on geometrical similarity of 

the reactor and electrodes with the same symmetry, would result in similar enhancements. It is 

worth noting that differences in electrode geometry or aspect ratio in a scaled-up reactor would 

give rise to significant differences in the distribution of electrical field strength and thus reaction 

conditions and performance. Given the importance of bulk scale applications, further 

experimental and simulation studies would be necessary for in-depth study of the effects of 

reactor and electrode geometry on reaction performance. 
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Overall, this work extends the scope for controllable synthesis of organic reactions conducted 

in two phase liquid systems and raises an opportunity to approach green engineering with 

minimal energy consumption for mass transfer limited reactions. It is also important for 

understanding the influence of external electric fields on mass transfer and kinetics in biphasic 

liquid systems used for organic synthesis and interfacial catalysis on macroscale.  
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Chapter IV: An Electrospray-Based Flow Reaction System for 

Intensified Transfer Hydrogenation of Acetophenone  

4.1 Introduction 

In Chapters II and III, the application of a low external electric field has been successfully 

demonstrated as an efficient tool for process intensification and manipulation of the phase 

transfer hydrogenation of acetophenone in a batch liquid biphasic system. However, the reaction 

time is long due to the small interfacial area constrained in the tube reactor, which needs to be 

improved to achieve faster reaction rates. As has been discussed in Chapter I, application of an 

external electric field to generate an electrospray has been demonstrated as a feasible and 

efficient approach for generation of fine droplets in liquid biphasic systems to increase interfacial 

areas. This technique has the advantage of easy set-up compared with, for example, 

microreactors. It also offers the potential for lower energy consumption compared with 

dispersion by mechanical stirring. Therefore, in this chapter, a flow reaction system based on 

electrospray is established to increase the interfacial area between the two liquid phases, thus 

achieving higher conversions in shorter reaction times. 

Among the limited studies on the application of electrospray on liquid-liquid biphasic 

reactions, the improvements in reaction performance are mainly attributed to the increased 

interfacial areas. However, other parameters, such as electric field induced current flow, catalyst 

activity under an electric field, and composition of the two phases may also influence the 

reaction performance yet are not investigated nor fully understood.  

Hence, the aim of the work described in this chapter is to achieve two goals, 1) achieving 

high conversion for the studied reaction system in short reaction times, 2) providing more insight 
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for the fundamental understanding of electrospray in intensifying reaction performance in liquid 

biphasic reaction systems. 

In the studied reaction system, the aqueous sodium formate solution is highly conductive, 

serving as the dispersed phase, while the organic phase consisting of acetophenone and other 

solvents is of low conductivity, serving as the continuous phase. By continuously spraying the 

aqueous sodium formate solution into the organic phase and recycling it at the outlet of the 

reactor, a continuously flowing reaction system was established. The magnitude and polarity of 

applied electric fields, the flow rate and concentration of dispersion phase, and the composition 

of continuous phase were studied to evaluate their influence on reaction performance. 

4.2 Experimental Section 

4.2.1 Materials  

All chemicals used in this work were purchased from commercial reagent suppliers and used 

without further purification: acetophenone (Sigma-Aldrich, 99%), sodium formate (Sigma-

Aldrich, 99.0%), RuCl(p-cymene)[(S,S)-Ts-DPEN] (Sigma-Aldrich), toluene (Sigma-Aldrich, 

anhydrous, 99.8%), 1-butanol (Sigma-Aldrich, 99.8%). 

4.2.2 Experiment apparatus  

The experimental arrangement is comprised of the reactor located inside an isolated cabinet 

equipped with interlock protection to prevent access in the presence of high voltages, shown in 

Figure 4.1. The electric field was applied to the reactor from a high voltage power supply unit 

(Glassman high voltage unit, XP power). The aqueous feed was metered to the reactor using a 

peristaltic pump (Fisherbrand™ Variable-Flow Peristaltic Pumps) located outside of the cabinet 

together with the power unit to ensure safe manipulation of voltages and pumping speeds. 
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Figure 4.1 Sketch of the experiment setup for the continuous electrospray reaction system. 

The reactor used here is different from the one used in Chapters II and III. It was also 

constructed of highly insulating glass but with a lower electrode located horizontally through the 

wall of the reactor and an outlet at the base of the reactor controlled by a valve. An upper 

electrode (a stainless steel nozzle) was inserted coaxially at the top of the reactor. The 

configuration in this reactor is not symmetrical in geometry and thus the electrical field was not 

assumed to be linear or uniform in either radial or vertical direction under the high applied 

voltages which were used. The inner diameter of the reactor was 30 mm. The distance between 

the two electrodes was 30 mm (for reactions with 30 mL of organic solvent used). The high 

voltage power supply was designed to cut out at a low current threshold, typically 6 mA, for 

safety concerns. The interlock system ensures the power supply to be automatically shut down if 
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the door of the cabinet was opened during high voltage operation. An extract fan was installed on 

the top of the cabinet to prevent possible accumulation of organic vapors. 

4.2.3 Experimental procedure 

The transfer hydrogenation of acetophenone with sodium formate as hydrogen source was 

studied in the aforementioned reactor with different volumes (20 mL or 30 mL) and 

compositions of organic phase. The organic phase was a mixture of toluene and 1-butanol with 

different volumetric ratios of 1-butanol. A typical reaction was conducted with addition of 30 

mL of organic solvent (volumetric ratio of 1-butanol as 16.7%), to which 585 μL of 

acetophenone (1.67E-4 mol/mL) was added with 0.032 g of the Ru catalyst (1.67E-6 mol/mL) 

dissolved to form the continuous organic phase. An aqueous sodium formate solution of 20 mL 

with a concentration of 0.0025 mol/mL was sprayed through a stainless-steel nozzle into the 

organic phase at various flow rates and under different electric fields. The mole ratio of Ru 

catalyst: acetophenone: sodium formate was 1: 100: 1000. A positive electric field is generated 

when the nozzle is connected to the power source and the bottom electrode is earthed, while a 

negative electric field is generated when the connections are reversed. The nozzle was made 

from a length of 316 stainless steel tubing with an inner diameter of 0.61 mm and outer diameter 

of 2.4 mm. Electric field voltages in the magnitude of 0 kV to 4 kV were studied. The reactions 

were run for 1 or 2 hours. After reaction, samples from the organic phase were withdrawn and 

centrifuged to separate out the aqueous holdup retained in the organic phase. After 

centrifugation, a small amount of the organic sample was collected and diluted with methanol 

before it was analyzed by gas chromatography. 

  



71 
 

4.2.4 Analytical methods and characterizations 

Gas chromatography 

For a reaction involving 30 mL of organic solvent, 40 μL of organic samples were collected and 

diluted to 1.5 ml with methanol for gas chromatography analysis. For experiments in which 20 

mL of organic solvent were used, 25 μL of the organic samples were analyzed. An Agilent 6890 

N gas chromatograph equipped with a CP-Chirasil-Dex CB column (25 m × 0.25 mm) and a 

flame ionization detector was used to identify reaction products and to determine 

enantioselectivity under the following conditions: helium as carrier gas (3 ml/min), inlet and 

detector temperature 250 °C, oven temperature 115 °C. 

Droplet size measurement 

In this study, detailed droplet size measurements were not included. Examination of video 

footage, however, suggests a strong dependence of droplet size upon operating voltage with 

transitions from dripping mode flow (~1800 µm at 1 kV) to cone-jet mode flow (150-300 µm 

non-spherical at 1.3 kV) to fine mist (< 25 µm at 3 kV), consistent with observations in other 

systems reported in the literature.123 The lack of more rigorous droplet size distribution data is 

deemed reasonable, as the correlations between the droplet size and electric fields and flow rates 

of dispersed phase are well established by other researchers.74,77,79 

4.3 Results and discussion 

4.3.1 Magnitude and polarity of applied electric fields 

The influence of the magnitude and polarity of the applied electric fields was studied with 30 mL 

of organic solvent consisting of 16.7% v/v 1-butanol. The results are summarized in Figure 4.2. 

With this organic mixture as continuous phase, negligible current flow was detected during the 
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reaction, thus minimizing the influence of joule heating on the reaction performance. When a 

positive voltage of 1 kV was applied, conversion and yield values were found comparable to 

those without an external electric field applied. This was explained by the fact that a dripping 

mode of electrospray with discrete droplet formation123,124 was observed when 1 kV of voltage 

was applied. The slight decrease in droplet size and increase in drop velocity under this 

condition, compared to the case with no electric field applied, was not considered as a significant 

influence on either the interfacial area or the reaction performance. Further increase in the 

applied voltage to 1.3 kV resulted in a cone-jet mode of droplet formation123,124 with significant 

reduction in drop size. When the voltage was increased to 2 kV, formation of an emulsion started 

to be observed. Once a stable emulsion was generated, the conversion and yield increased with 

the increase in the magnitude of the applied electric field. This may be explained by the decrease 

in droplet size and the resulting increase in interfacial area. Circulation of the emulsion droplets 

in the continuous organic phase was also observed, which may further promote mass transfer at 

the interfacial region.  

It is interesting to note that the polarity of the applied electric field did not make a difference 

to the reaction performance when comparing the experiments which were operated respectively 

with positive and negative voltages of 3 kV applied. This observation contrasts with the findings 

in other electrospray systems observed by other researchers,81,82 suggesting a complex 

dependence of observed reaction rate upon both droplet size and field-induced modification of 

intrinsic kinetics. On the other hand, the electrospray system in the present work was 

significantly different from the reported systems in composition and phases, which added more 

complexity to elucidate the role of electric field polarity in influencing droplet size and reaction 

performance. Additionally, the observation regarding the direction of electric field on reaction 
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performance is different from the observation in the quiescent batch system studied in Chapters 

II and III, in which the reaction was either promoted or inhibited depending on the orientation of 

the applied electric fields. This difference may be explained by the different migration distance 

required for reactive species across the interfacial boundary and the different electrostatic forces 

acting on reactive species in the two systems with different geometries. 

 

Figure 4.2 Reaction conversions and product yields under various electric field conditions. The concentration of 

sodium formate solution was 0.0025 mol/mL, and the flow rate of dispersed phase was 0.82 mL/min. 

4.3.2 Flow rates and concentration of dispersed phase 

Studies have shown that flow rate and conductivity of the dispersed phase have major effects on 

the droplet chargeability,125 which influences the droplet size. Generally, the decrease in flow 

rate and increase in conductivity of the sprayed liquid lead to increased droplet charge and 

reduced drop size.126 This could be significant particularly for reactions that are limited by mass 

transfer due to low interfacial areas.  
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In this work, various flow rates and conductivities of the aqueous dispersed phase were 

studied. It was observed that a decreased flow rate resulted in an improved reaction performance, 

as summarized in Figure 4.3. This observation correlated well with the studies by others 

showing that smaller droplet size was obtained at lower flow rate,79 thus resulting in increased 

surface area and enhanced reaction conversion. The flow rate of dispersed phase through the 

charged nozzle may influence the droplet size in three possible aspects. First, the flow rate 

through the electrical charged nozzle controls the effective contact time of the elements in the 

dispersed phase with the source of electrostatic charge. The greater the flow rate the shorter the 

contact time. Since the acquisition of surface charge by the forming drops at the nozzle is time 

dependent,127,128 higher flow rate will result in less charge acquisition, which in turn reduces the 

likelihood of drop breakup during the electrospray and results in larger drop size. Second, when 

the flow rate is smaller, the velocity of emission of the dispersed phase from the nozzle is 

smaller, resulting in a smaller inertial force applied on the droplet surface. As a consequence, the 

influence of electrostatic force on the droplet formation may be dominant, leading to higher 

disruption of the droplet surface. A third factor is that increase in velocity of the dispersed phase 

will reduce the residence time of the formed drops in the reactor which will negatively impact 

the conversion. 

The influence of sodium formate concentration and, accordingly, aqueous solution 

conductivity were studied. Measurements made at each of the concentrations guaranteed an 

excess of the stoichiometric ratio of sodium formate to acetophenone. It is interesting to see that 

the overall conversion in the 2 h reaction time was virtually unaffected by the concentration or 

conductivity of the dispersed phase. The increase in sodium formate concentration apparently 

increased the driving force for mass transfer of formate to the interface and yet no difference in 
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reaction rate was observed, suggesting that the equilibrium concentration of formate in organic 

phase may be too small for the flux to change. On the other hand, the aqueous sodium formate 

solution with the studied concentrations may be too conductive so that increase in the 

conductivity makes no difference on the surface charge acquisition, thus resulting in similar 

droplet size and similar reaction rates. 

 

 

Figure 4.3 (a) Reaction conversion at various flow rates of the dispersed phase. Reactions were conducted with 3 

kV applied with sodium formate solution of 0.0025 mol/mL and 30 mL of organic solvent consisting of 16.7% v/v 

1-butanol in toluene. (b) reaction conversion with different concentration of sodium formate in the dispersed phase. 

Reactions were conducted with 3 kV applied with the flow rate of dispersed phase as 0.82 mL/min and 30 mL of 

organic solvent consisting of 16.7% v/v 1-butanol in toluene. 
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4.3.3 Composition of continuous phase 

 Composition of the continuous phase is important as different composition would result in 

different conductivities of the continuous phase and different partition with the dispersed phase, 

which would further influence the reaction performance. The effects of different composition 

and volume of the continuous phase on reaction performance were studied and summarized in 

Table 4.1. These experiments were performed with sodium formate concentration of 0.0025 

mol/mL and the flow rate of dispersed phase at 0.82 mL/min.  

It should be noted that the composition of the continuous phase varied by modifying the 

volumetric ratio of 1-butanol to toluene. As toluene is highly electrically resistant (8E-16 S/m)129 

while 1-butanol has a relatively high conductivity (6E-6 S/m),120 the increase in the volumetric 

ratio of 1-butanol increased the conductivity of the continuous phase. When 1-butanol was solely 

present as the organic phase, a high electric field could not be maintained due to high current 

flow, therefore no electrospray could be generated. In contrast, when toluene was solely used as 

the organic phase, a stable electrospray was achieved while a poor reaction performance was 

observed due to the severe coalescence of droplets on the inner wall of the reactor. As a result, 

the experiments were conducted with a reasonable range of toluene/1-butanol ratios to tune the 

properties of the continuous phase.  

As shown by comparison of Cases 1 and 2 in Table 4.1, when the volumetric ratio of 1-

butanol increased, there was almost a 2-fold increase in both conversion and yield after a 

reaction time of 2 h. Meanwhile, the change in the composition resulted in a significant increase 

in current flow, which induced an elevated temperature by joule heating. Further increasing the 

volumetric ratio of 1-butanol to 50% resulted in a significant increase in the conductivity of the 

continuous phase which limited the maximum applied voltage to be less than 3 kV. Therefore, 
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the reaction with 50% v/v of 1-butanol in the organic phase was conducted with an applied 

voltage of 1.5 kV. While the applied voltage was much lower, an emulsion was also generated, 

and it was observed that a 20% increase in both conversion and yield was attained in a reduced 

reaction time (1 h of reaction) compared to Case 1 and Case 2. These results demonstrated the 

importance of the continuous phase composition in determining reaction performance. When the 

continuous phase is of higher conductivity, a lower voltage is required to generate electrostatic 

dispersion. Three parameters may contribute to the improved reaction performance: temperature, 

electric current, and partitioning between the continuous and the dispersed phase due to the 

solubility of 1-butanol in water. 

To distinguish the effects of the three parameters, Cases 4 and 5 were designed to study the 

effects of temperature solely while Cases 6 to 8 were conducted to study the effects of 

partitioning between the two phases. It was shown that the increase in temperature resulted in the 

increase in conversion and yields (Cases 1, 4, and 5). However, only a slight increase was 

observed despite the significant increase in temperature, suggesting that the reaction was not in 

the intrinsic kinetics region and therefore temperature may not have a dominant influence on the 

reaction performance. Cases 6 to 8 were conducted in a batch reactor with vigorous stirring. As 

can be seen, the conversion and yields were almost identical in the stirred system and the sprayed 

system with a voltage of 3 kV applied (Cases 1 and 6), suggesting a similar level of mass transfer 

limitation in the two systems. Similar to that observed in Cases 4 and 5, conversion and yields 

increased by only a few percent when the volumetric ratio of 1-butanol increased from 16.7% to 

50%, which suggests that the partitioning between the two phases is not the governing factor in 

determining the reaction performance. It is therefore proposed that the electric current may play 

a significant role in achieving high reaction rates in the electrospray system, possibly due to the 
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current promoted electrons transfer between the reactants. Further experimental design and 

studies are required to elucidate its role and effects.  

On the other hand, comparison of Cases 1-3 with Cases 6-8 suggested that the electrospray 

system is superior to the batch system in achieving higher selectivity (yield/conversion) while 

slightly reducing enantioselectivity. It was also observed that increase in temperature led to a 

decrease in enantioselectivity (Cases 1, 4, and 5). 

Further optimization of reaction conditions was conducted, and it was shown that when the 

organic volume was reduced to 20 mL (Case 9), 71% conversion was achieved in 1 h of reaction 

time with a relatively lower electric field applied. If compared to the quiescent batch system with 

external electric fields applied in Chapters II and III, the reaction time was significantly reduced 

from 24 h to 1 h while the reaction volume was increased by 13.3 times, showing a great 

improvement in reaction rate achieved by electrospray. When compared to the stirred batch 

system studied by Wu et al.,97 comparable conversion (71% vs 76%) was achieved while the 

reaction volume was increased by 20 times. 
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Table 4.1 Reaction performance with different organic composition and reaction conditions.   

Case Condition 
Organic volume (mL) and 1-

butanol volumetric ratio (v/v%) 
Current 
(mA) 

T 
(°C) 

Time 
(h) 

Conversion 
(mole%) 

Yield 
(%) 

ee(%) 

1 3 kV 30 mL (16.7) 0.03 23 2 14.8 9.8 89.4 

2 3 kV 30 mL (33.3) 0.8 35a 2 27.5 22.0 90.3 

3 1.5 kV 30 mL (50) 5.9 68a 1 35.2 28.6 88.3 

4 3 kV 30 mL (16.7) 0.05 40b 2 17.6 14.6 87.6 

5 3 kV 30 mL (16.7) 0.08 70b 2 19.7 15.5 84 

6 1100 rpm 30 mL (16.7) -- 23 2 14.6 9.4 91 

7 1100 rpm 30 mL (33.3) -- 23 2 17.1 11.8 91.5 

8 1100 rpm 30 mL (50) -- 23 2 20.9  12.7 92.6 

9 2 kV 20 mL (50) 5.4 75a 1 71.0 69.7 85.7 

a: temperature increase caused by joule heating. 

b: a heating tape was used to increase the temperature.  

4.3.4 Catalyst activity 

Catalyst activity under a high external electric field is an important parameter to evaluate. The 

effects of high voltage electric fields on the catalyst activity were studied using stirred batch 

reaction experimental data as a benchmark. As shown in Table 4.2, the conversion and yield 

increased gradually with the increase of reaction time when 3 kV of external electric field was 

applied. This is consistent with the trend in conversion and yield in the batch system, suggesting 

that the high voltage may not deactivate the catalyst. The constant enantioselectivity values 

observed provided further evidence of this. 
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Table 4.2 Reaction performance in an electrospray system and a batch system at different reaction times.  

Case Condition Time (h) Conversion (%) Yield (%) ee (%) 

1 3 kV 1 12.1 6.2 89.0 

2 3 kV 2 14.8 9.8 89.4 

3 3 kV 3 19.1 12.3 89.6 

4 3 kV 4 21.2 14.3 90.2 

5 1100 rpm 1 14.0 6.6 90.0 

6 1100 rpm 2 14.6 9.4 91.0 

7 1100 rpm 3 19.3 10.9 90.7 

8 1100 rpm 4 25.8 10.7 91.0 

9 * 2+2 9.5 2.2 86.6 

* The reaction was conducted as follows: no acetophenone used in the organic phase in the first 2 h, then the 

reaction was run for another 2 h with acetophenone added. The other reaction conditions were the same as Case 2. 

The catalyst was present for the whole 4 h. 

However, when the experiment was conducted without acetophenone substrate in the first 2 

hours followed by the addition of acetophenone for another 2 hours of reaction, as shown in Case 

9, the production of 1-phenylethanol was significantly suppressed with a reduced 

enantioselectivity. This may suggest that when the substrate is absent, the catalyst could be 

deactivated by the high electric field, while when the substrate is present, it may bond with the 

catalyst in a way to prevent it from deactivation. 

4.4 Conclusions 

 In this chapter, a flow reaction system for the phase transfer hydrogenation of acetophenone was 

successfully established by the application of an electrospray. It was found that the polarity of 

electric field is insignificant in influencing the reaction performance in the electrospray system. 

The electric current flow observed during the reaction was suggested as an important factor in 
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the improvement of the reaction performance, while further study is necessary for in-depth 

understanding of its role. The influence of the high voltage electric field on the catalyst activity 

is intriguing, which also requires further clarification. It was concluded that the application of an 

external electric field in an electrospray system may not only enhance interfacial areas but may 

also result in other effects, including current flow and catalyst deactivation, both of which would 

further influence the reaction performance. The mechanism explaining these effects are yet to be 

fully elucidated. 

However, a quantitative correlation of droplet size and reaction performance along with 

characterization of the influence of conductivities of both phases and electric current on the 

droplet size were not studied, which should be elucidated in future work. The conductivity of 

both phases has a major influence on the magnitude of electrostatic charge retained on the 

produced droplets, hence on the electrical forces which they experience. The electrical forces 

which act on both the droplet formation and motion have a major effect on drop size and 

trajectory, thus influencing mass transfer. The current conclusions and future work will lead to 

novel applications of electrospray in organic synthesis.  

In summary, the electrospray-based flow reaction system showed excellent performance for 

the biphasic transfer hydrogenation of acetophenone. In comparison to the studied batch 

systems,97,99 the reaction volume is increased by up to 20 times, showing great potential for large 

scale applications. This work provides an alternative for continuous synthesis of organic 

compounds in two liquid phase systems and is believed to be important for understanding the 

roles of external electric fields in organic synthesis and phase transfer catalysis.  
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Chapter V: Conclusions and Perspectives of Future Work 

5.1 Conclusions 

In this thesis, the intensification of phase transfer hydrogenation of acetophenone in liquid 

biphasic systems by application of external electric fields was studied in both a batch reactor and 

a flow reactor. This work demonstrated the importance of external electric fields in promoting 

mass transfer and reaction performance for organic synthesis and catalysis reactions. The 

application of external electric fields to liquid biphasic systems provides a promising alternative 

approach for achieving sustainable chemistry and engineering.  

The work described here revealed the different roles of the applied external electric fields in 

batch systems versus continuous systems. Specifically, the improvement in reaction performance 

in a batch system was attributed to the intensified mass transfer by the controllable migration of 

reactive species under the applied electrostatic forces. The idea of employing external electric 

fields to act as a phase transfer catalyst is proposed for the first time to the best of my 

knowledge. In an electrospray system, the enhanced reaction conversion and yields resulted not 

only from the increased interfacial area but may also from the induced current flow in the 

system. It was concluded that the role of external electric fields in an electrospray system may 

not only enhance interfacial areas but may also result in other effects, for example, current flow, 

and catalyst deactivation, which were not fully understood previously. 

Overall, this work extended the scope of controllable synthesis of organic compounds in 

liquid biphasic systems, and it is believed to be important as an original contribution to the field 

of electric field chemistry for understanding the roles of external electric fields in influencing 

mass transfer and kinetics from both chemistry and engineering perspectives. 
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5.2 Further work 

5.2.1 Droplet size and charge measurements in an electrospray system 

Though the droplet size in an electrospray system has been extensively studied and some 

correlations have been established, it is still important and worthy of analysis as a complement to 

this work. For example, vigorous studied on the dependence of droplet size on the continuous 

phase conductivity should be conducted as it is poorly understood. The droplet size measurement 

should be co-analyzed with the charge acquisition on the droplet surface. It is important to 

understand the correlations between the surface charge and the droplet size in the studied 

electrospray system. Since the conductivity of both dispersed phase and continuous phase could 

influence the surface charge thus further influence drop size, relations among them should be 

developed to provide more insights into the enhanced reaction performance. 

To study the surface charge on an individual charged droplet, an electrospray in a dripping 

mode will be employed with an electrometer to measure the coulombic charge on a single 

droplet, as shown in Figure 5.1.130 The charge is measured when the droplet gets in contract with 

the conductive collecting plate connected with a electrometer. A dynamic laser scattering 

instrument is coupled to measure the droplet size and velocity. The charge and size of a single 

droplet generated in air will be measured first as a control experiment, as the conductivity of air 

is relatively small. Then the generation of the dripping mode electrospray will be conducted in 

the studied biphasic system with different organic phase compositions/conductivities or different 

aqueous phase concentrations/conductivities. The dependence of the droplet charge on the 

conductivity of both phases may be concluded by comparing the measured charge and size of an 

individual droplet generated in the biphasic systems with those in the control experiments. 

Proper calibrations with theoretical equations may also be required.  
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Additionally, the droplet size and velocity distribution in the reaction system can be 

measured by dynamic laser scattering, which could provide more insights to understand the 

observations of different reaction performance influenced by different operating conditions. 

 

Figure 5.1 Experimental setup for droplet charge, size, and velocity measurement. 

5.2.2 Evaluation of the importance of current flow 

The effects of the induced current flow in the system were not elucidated, and further research is 

necessary to understand its role. Experiments may be designed to control the organic 

composition and temperature with current flow as the only variable in a jacked glass reactor. For 

example, for reactions involving an organic mixture of 30 mL with 16.7% v/v 1-butanol, a 

screening of different salts should be conducted to find a salt that can dissolve in this organic 

mixture while not participating in the reaction. Upon dissolution in the organic phase, a current 

could be induced by application of an external electric field. The generated heat could be 

simultaneously removed by the cooling water flowing through the jacket. By changing the 
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concentration of the salt in the organic phase, different magnitudes of current flow could be 

generated when a fixed electric field is applied.  

The major challenge for these experiments is the solubility of the salt in toluene. Toluene is 

relatively nonpolar and most inorganic salts are not soluble in it. Therefore, a wide range of salts 

may be tested. Dicyclohexylammonium hydrochloride may be a potential candidate, which 

requires experimental validation. Alternatively, some hydrophobic ionic liquids may be possibly 

used as an addition into the organic phase to alter the ion concentration in the continuous phase 

thus changing the current flow.  

5.2.3 Extension of reaction scopes 

In this work, the reaction has only focused on the hydrogenation of acetophenone. In order to 

extend the application of external electric fields on promoting organic synthesis reactions, other 

ketones used as substrates should be studied. Figure 5.2 summarized some of the commonly 

used ketone substrates for transfer hydrogenation reactions catalyzed by Ru catalysts.98    

. 

Figure 5.2 A list of ketone substrates. 
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On the other hand, this method could be extended to other phase transfer catalysis reactions. 

Reactions with particular interest are the oxidation reactions of alcohols with hydrogen peroxide 

as oxidant. Transformation of alcohols to value-added products by oxidation is important in 

chemical industry. Using hydrogen peroxide as oxidant offers a green approach by reducing 

waste generation compared to conventional metal or organic oxidants. In a typical hydrogen 

peroxide alcohol oxidation reaction, hydrogen peroxide and catalysts are dissolved in the 

aqueous phase while the alcohol substrate forms the organic phase. Tungsten-based salts, for 

example Na2WO4,131 and polyoxometalates56 are commonly used as catalysts. These catalyst 

species are negatively charged, which could be transferred to the aqueous-organic interface by an 

applied external electrostatic force. Therefore, the oxidation of alcohols by hydrogen peroxide 

can served as a model reaction system to study the wide applications of external electric fields on 

organic synthesis. 

5.2.4 New reactor design 

Loscertales et al. developed a technique, as shown in Figure 5.3, for micro or nano scale 

encapsulation via electrified coaxial liquid jets.132 In that study, two liquids were flowed 

coaxially under the application of a high electric field, resulting in a small core-shell structure 

with one liquid coated by the other liquid. This methodology is potentially attracting for the 

intensification of liquid biphasic reactions.  
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Figure 5.3 Experiment setup for the electrified coaxial liquid jet. 

For example, if we apply this method to the transfer hydrogenation of acetophenone with 

aqueous sodium formate solution, fine droplets with acetophenone phase covered by aqueous 

phase could be generated by flowing the organic phase though the inner tube while the water 

phase flowing through the outer tube. Each of those generated small droplets could be considered 

as a fine reactor, which would significantly increase the mass transfer and reaction rates. It will 

also be interesting to explore the mass transfer phenomenon inside the small droplets by studying 

the core-shell interfacial disturbance and the inner circulation. To the best of my knowledge, the 

method has only been used for particle size control applications. Therefore, it is very promising 

to apply this technique to organic synthesis for process intensification.   
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Appendix I: Retention times for different compounds in a nonchiral 

GC column. 
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Appendix II: GC spectrum of a 24 h reaction sample from a batch 

reactor with 1-butanol as organic solvent. 

 

 

 

 

  



105 
 

Appendix III: GC spectrum of a 1 h reaction sample from the 

electrospray system with 20 mL of organic phase (10 mL toluene 

and 10 mL 1-butanol) and 2 kV of voltage applied. 
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Appendix IV: XFR analysis data of the black slurry from stainless 

steel electrode decomposition. 
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Appendix V: Reactor used for the batch reactions in Chapter II and 

III. 
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Appendix VI: Reactor used for the continuous reaction in Chapter 

IV. 
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Appendix VII: Simulation of the concentrations of reactive species 

at the liquid interface under 15 V in COMSOL Multiphysics 5.4 

(1) Component and Physics 
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(2) Geometry 

 

(3) Parameters in Global Definitions 
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(4) Water in Materials 

 

(5) 1-butanol in Materials  
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(6) Electrostatics Physics  

 

(7) Boundary condition 1 in electrostatics physics 
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(8) Boundary condition 2 in electrostatics physics 

 

(9) Transport of Diluted Species in organic phase  
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(10) Transport of Diluted Species in aqueous phase  

 

(11) Mesh Size 
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(12) Time dependent simulation  
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